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Abstract
Thermally bonded polypropylene nonwovens with low basis weights between 8 and 30 g/m2
play an important role in the hygiene industry. In addition to fluid handling, air per-
meability and subjective factors such as haptics and appearance, especially mechanical
properties are of great importance. Apart from the tensile strength and tear propagation
strength of the nonwovens, their friction and abrasion behaviour also play an important
role in ensuring uniform, long-term performance. The present thesis shows how these me-
chanical properties depend on the shape, arrangement and area fraction of the bonding
points during thermal calendering and how the mechanical properties can be optimised.
For this purpose, both elliptic bonding points with different orientations of their main
axis as well as round bonding points are analysed, whereby their distance in production
direction and perpendicular to it is varied systematically without varying the industrially
usual bonding fraction of 16 %. In a second step, the fraction of the bonded area in
the nonwoven is systematically varied in order to determine the exact effects. Thereby
round bonding points are used as these show the lowest variations in mechanical strength,
when tested in different directions. At the beginning of the work it is explained which
parameters apart from the bonding points have an influence on the mechanics of the non-
wovens and how these can be determined or optimised. For the nonwovens used here,
parameters such as the strength of the individual fibres, fibre orientation and uniformity
of basis weight are analysed and pressure and temperature are optimised during thermal
calendering in order to achieve the highest possible tensile strength. Subsequently, the
influences of bonding point shape, arrangement and area fraction on tensile strength, tear
strength, friction and abrasion behaviour are analysed, partly using newly developed test
methods. Statistical modelling is used to evaluate the influences that have been identified
and to show which steps are necessary to optimise the desired mechanical properties for a
given fibre orientation and basis weight variation. In addition to the appropriate selection
of the bonding point fraction, which also depends strongly on other factors such as fluid
handling, a uniform arrangement of the bonding points on a hexagonal lattice with such
a distance that the largest areas with locally reduced basis weight of bonding points are
reinforced should be aimed for.
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1 Introduction 1
1 Introduction
Thermally calendered spunbond nonwovens play an important role in the textile industry
and especially in the hygiene sector. The annual production of nonwovens in Europe
reached a volume of 2.5 million tonnes and a turnover of 7.9 billion euros in 2017. The
share of spunbond nonwovens in this total was more than 41 %, with over one million
tonnes, of which more than 30 % was processed in the hygiene industry. For applications
in the hygiene industry, thermally calendered polypropylene nonwovens are preferred due
to their low price and the good combination of mechanical strength, low price and high
softness. [1,2] The high production speeds achievable with this process at over 1100 m/min
are also a reason for the widespread use of this manufacturing process [3].
The mechanical properties of the nonwovens are significantly influenced both by the mate-
rial and the fibre properties as well as by the bonding. In addition to the classic mechanical
parameters such as tensile strength and tear strength, parameters such as coefficient of
friction and abrasion behaviour are also of great importance, especially in hygiene appli-
cations. The influence of various parameters of calendering has already been investigated,
but so far no study has systematically investigated the influence of the bonding point
shape and size and the bonding point fraction onto the mechanical properties. Thus,
this thesis aims to determine the effect of the bonding point size, shape and fraction,
explicitly focusing onto the influence on objective mechanical parameters. Therefore, the
patterns have been varied systematically starting with different shapes of round bonding
points as well as elliptic ones with different orientation of their main axes. Apart from the
shape also size and distance between the bonding points in different directions has been
analysed systematically in order to determine the influence of these factors. Thereby the
main focus was kept on nonwovens with a bonding point fraction of 16 % due to their ap-
plicational relevance. The bonding point fraction has then also been varied while keeping
the bonding point size constant in order to being able to distinguish between the different
influencing factors.
Further parameters such as the optical appearance, fluid handling or subjective sensa-
tion during skin contact are also of great importance in the application, e.g. in hygiene
industry, but are not considered further in this thesis.
Parts of this study are currently published in Advanced Engineering Materials (’Analysis
and Modelling of the Influence of the Size and Fraction of Bonding Points onto the Me-
chanical Behavior of Polypropylene Spunbond Nonwovens’, Adv. Eng. Mater., 2019 [4]),
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chapter 5.6 is a revised version of the paper ’Novel objective test method for the abrasion
and pilling behaviour of low basis weight spunbond polypropylene nonwovens’ published
in ’Polymer Testing’ vol. 69, pp. 175-181, 2018 [97].
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2 Fundamentals
Nonwovens can be classified according to the type of fibres used, from natural fibres to
purely synthetic fibres, according to their length from short staple fibres to filaments
of ’infinite’ length (according to DIN 60000 longer than 1000 m [5]) or according to
the materials used, either as mono or multi component fibres or layers [1]. The following
chapter only describes the production of polypropylene mono component nonwovens using
the spunbond process with thermal calendering and the basic properties of the nonwovens.
Of course there are other materials and production processes available but these are not
in the focus of this thesis.
2.1 Nonwovens - production and general properties
Generally the spunbond nonwoven process begins as a standard extrusion process. The
polymer granulate is fed to an extruder via the feeder. The polymer and possible additives
are melted in this and conveyed to the spinning pump. The spinning pump or gear
pump then ensures a constant volume flow. Subsequently, the material is filtered and
distributed to the individual nozzle holes. From the die holes, which usually have a
diameter of a few 100 µm, the molten material is extruded vertically downwards and cooled
in the subsequent stretching chamber, stretched by an air stream directed downwards
and deposited on the air-permeable lay down belt. Under the lay down belt the air is
additionally sucked out to fixate the fibres on the lay down belt. The fibres are stretched to
a diameter of a few 10 µm and then laid down randomly oriented. Thereby the cooling and
stretching effects the fibre diameter and crystallinity as well as the mechanical properties
and the fibre lay down. [1, 6]
The movement of the fibrous web into the direction of movement of the lay down belt
causes an increased orientation of the fibres in the direction the belt is running, also known
as the machine direction (MD) and a minimum of fibre orientation in the transverse
or cross direction (CD) which also results in an anisotropic mechanical behaviour of
spunbond nonwovens. This distribution of fibre orientation is also known as orientation
distribution function (ODF). [7–10]
The loose fibres are then solidified, in this study by thermal calendering. A more detailed
explanation of the procedure follows in section 2.4. The process is shown schematically
in figure 2.1. The nonwoven is then treated and refined, if necessary, in order to be rolled
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Figure 2.1: General spunbond setup with extruder and following gear pump with spinning
head and the cooling or guiding channel with spreading of the fibres for the lay
down on the belt with suction device below the belt according to Dorschner et al.
1970 [11].
up or further processed for subsequent process steps. [1]
2.2 Fibre orientation and curl
As already described in before, during the lay down process of the fibres an increased
orientation of fibres in MD is induced. During production the basis weight of the nonwoven
is usually adjusted in two different ways. One way could be to add additional spinning
beams so the basis weight could be doubled or trebled. Finer adjustments can be done
by adjusting the line speed of the belt collecting the fibres. This of course affects the
orientation of the fibres as well as the increased orientation of fibres in MD is intensified
with increasing belt speed. Thus nonwovens with lower basis weight often tend to have
higher orientations in machine direction, as long as the other processing parameters are
kept constant. [1, 9, 10,12]
The orientation of fibres can be measured in different ways. The oldest way is to define
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reference shapes, e.g. the edges of bonding points or circles on microscopic images and
measuring the angle to MD of each fibre crossing the reference shape [13]. However, this
method only measures the orientation at certain points, yet the fibres are not laid in
straight lines but have a significant curl. [12]. The curl is defined as the ratio of the actual
length of the fibre path Lf to the direct distance between end points Ls (e.g. the entering
points into bonding points) as shown below [14,15].
C(%) = Lf − Ls
Ls
· 100 (2.1)
To take into account the curl for the analysis of the fibre orientation more effective and ac-
curate methods are available using automated analysis of images from nonwovens. These
images can be analysed using e.g. Fast Fourier Transform, Hough Transform or flow field
analysis techniques, though the Fourier method proved to be unreliable for images with
high levels of noise. [16–19]
Furthermore, the orientation in images can also be measured tracking paths of connected
pixels with fibres [20] or by the analysis of local gradients, e.g. of gradients of the bright-
ness in images. This can be done, for example, by cubic spline interpolation, in which
the data points, in this case brightness values, are connected by a continuous curve with
as little curvature as possible [21]. For this technique different automated tools like the
OrientationJ-plugin for ImageJ are available [22]. A detailed description of the method
can be found in Püspöki et al. 2016 [23]. Thereby an exact distribution of the orientation
of fibres in any direction is obtained.
The distribution of fibre distribution also affects the mechanical properties. Several stud-
ies have proven that there is an increase in modulus in the direction of increased fibre
orientation as well as an increase in the tensile strength [14,19,24–28]. The elongation at
break and the elongation at maximum stress tend to increase in direction with reduced
fibre orientation, although there is also an increase in the direction of the maximum fibre
orientation (MD), but with rapid decrease towards angles of 30◦ to MD followed by a
steady increase towards CD [27,28].
The effect of fibre curl has been investigated as well, showing that an increased curl of
fibres leads to a lower modulus and maximum stress, as well as a higher strain at break
after a longer extension at medium stresses, as the first fibres break before the next fibres
can take any load. [14,29].
2 Fundamentals 6
2.3 Web uniformity
The web uniformity or cloudiness is defined as the local variation of basis weight in a
nonwoven. Especially for nonwovens with low basis weights the uniformity of the web
is a critical parameter as slight fluctuations in total basis weight lead to a high relative
variation and thus a very ’cloudy’ appearance leading to higher variations in mechanical
properties as well. Especially with aerodynamically stretched filament nonwovens, a cer-
tain cloudiness can often be observed due to the statistical lay down of the fibres. [1, 12]
Thus the web uniformity is a common measure to define the quality of nonwovens. The
uniformity can be measured manually by cutting the nonwoven in decreasingly small
pieces and weighing each sample. Another method, more common today, is the optical
analysis of the web, showing less transparency in areas with high basis weights. This
method is also used in the manufacturing process via line scanners live during production
for quality control but due to the needed differences in transparency this is limited to
nonwovens with lower basis weights. [1, 30,31]
Of course the web uniformity also has a significant influence on the mechanical properties
of the nonwovens. In increased coefficient of variation also leads to an increased variation
of the mechanical properties like the tensile strength or the elongation at break. [12,14,32]
This is caused by the fact that the non uniformity is leading to an increased stress per
fibre in areas with low density, as there are less fibres to carry the load, and this stress
concentration is then transferred from one area with low density to the next resulting in
first fibre breakage and then crack propagation [33]. Going to small areas like that of a
single bonding point the variation increases to factors of 3-4 between different areas, also
showing high differences in local fibre orientation [25]. Thus for reliable tests a certain
size of samples, larger than the typical patch size of basis weight variations, which may
differ for different production lines, is necessary.
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2.4 Calendering
Figure 2.2: Schematic computer-aided design (CAD)-model of a calender with the nonwoven
(green) and bonding points in the nonwoven after passing the calender (right).
There are basically two different types of calendering: area calendering and point calen-
dering. The advantage of point calendering lies in the fact that the soft, permeable fibre
structure of the nonwoven is preserved outside the bonding points and is therefore used
primarily for hygiene articles that come into contact with the skin, since the soft feeling on
the skin is particularly valuable with these articles. However, the use of point-calendered
nonwovens is not restricted to hygienic areas. [1, 34]
During the point calendering process which has been used in this study the fibres are con-
solidated with the aid of two heated rollers, one of which has an embossed surface with
the so-called bonding point pattern. These patterns are discussed in-depth at the end
of this chapter. The nonwoven runs through the nip and is joined at the elevated bond-
ing points under high pressure and the influence of the temperature of the heated rolls.
Thereby the used temperatures and pressures depend on the used nonwoven material, the
process speed and the basis weight, which is the weight of the nonwoven fabric per square
meter. The calendering process is usually used to produce nonwovens with basis weights
of up to 120 g/m2, since the bonded fibres in nonwovens with higher basis weights tend to
delaminate, which could only be avoided by additional steps of heat treatment or reduced
production speeds. Generally the residence times of the nonwovens in the calender nip
are in the range of 0.05-5 ms depending on the line speeds. For polypropylene nonwovens
usually temperatures of about 150 ◦C and pressures of about 100 N/mm are common,
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although still depending on the process speed and basis weight. The pressures refer to the
entire calender width, although higher pressures effectively prevail at the bonding points
due to the engraving of one roll and the associated reduction in the pressing zone. [1,35–38]
As during the calendering process the nonwoven is bonded between two cylindrical rolls,
the pressure is usually measured in N/mm and not in N/mm2. This is due to the fact
that the contact between the two rolls only takes place on a theoretically infinitely thin
line. To compare the resulting pressures in the calender with pressures on flat surfaces
different solutions are available in literature, although the problem is still not solved com-
pletely. [39]
The first approach is a theoretical one going back to the studies of Hertz assuming a
small area of flattened surface at the contact side of the cylinders as shown in figure 2.3.
Thereby the effective contact area and thus the resulting pressure pres can be determined
using equations 2.2 and 2.3 using values of E = 210000 N/mm2 and ν = 0.3 for the steel
cylinders. [40, 41]
Figure 2.3: Flattening of the cylinder during contact with a second cylinder with contact area
and pressure distribution according to Kunz et al. 2017 [39].
With 83 N/mm it gives a resulting pressure of 111.97 N/mm2 and a maximum pressure
of 142.56 N/mm2.
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pmax =
√
F · E
2pirl · (1− ν2)· (2.2)
pres =
F
2 · l ·
√
F ·4·r·(1−ν2)
pi·l·E
(2.3)
An estimation of the pressures and the transferred heat in the nip can also be done via
finite element analysis as shown by Duckett et al. 1990 [42].
Another approach is a more empirical one. Thereby the pressures inside the nip of a
calender with polypropylene nonwovens have been measured with temperature-resistant
strain-gauge sensors showing maximum pressures of 95 N/mm2 for two smooth rolls at
50 m/min and a basis weight of 20 g/m2, which is much lower than the pressures es-
timated with equation 2.2 and in the range of pressures calculated using finite element
analysis [43]. The bonding of the fibres is then a complex process consisting of several
mechanisms, i.e. heat transfer from the calendering rolls, heat of deformation due to the
high pressures applied in the calender combined with an increase of the melting point of
the polypropylene due to the Clapeyron effect and possibly some diffusion [35].
Heat transfer:
In a general way, heat diffusion can be described by equation 2.4, where ρ represents
the density of the material, cp the specific heat, k the thermal conductivity and t the
time. [44, 45]
∇ · k∇T = ρ · cp δT
δt
(2.4)
The particular heat transfer during calendering can be described in different ways, whereby
assumptions must be made about the nonwoven thickness before calendering d0, the time
in the calender gap tnip and the nonwoven thickness in the calender gap dnip. In addition,
all models have in common that the thermal conductivity in the nonwoven, which differs
from that of the bulk material and is influenced by changes in temperature and crys-
tallinity, can often only be estimated. [35,46] A good approximation for the temperature
in the middle of the nip Tmp due to heat transfer is given in equation 2.5 by Michielsen
et al. and Incropera et al. [44, 46].
Tmp = Troll + 1.2733(Tinitial − Troll)e−pi2αtnip/4(dnip/2)2 (2.5)
Thereby Troll is the temperature of the calender rolls (for both rolls having the same
temperature), Tinitial is the temperature of the web before bonding and α is the thermal
diffusivity (k/ρCp). Another equation is given by Warner et al. derived from a work of
Kerekes et al. [35, 47] , whereby both models differ by less than 2 °C [46]. Thus in this
thesis only equation 2.5 will be used.
Heat of deformation:
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The deformation of the polymer material during the calendering process also induces some
heat into the material. To determine the increase in temperature due to the deformation
the following equation 2.6 is given by Warner et al., from which equation 2.7 can be
derived (see Warner et al.) [35].
[F (s)ds] · αE = V · ρ · Cp ·∆T + f ·∆Hf ·XC · ρ · V (2.6)
F(s)ds is the force exerted over a distance ds, αE is the efficiency, usually calculated as 1,
V is the considered volume, ρ is the density of the polymer, Cp is the heat capacity of the
polymer, ∆T is the change in temperature, ∆Hf the heat of fusion, XC the crystallinity
and f the fraction of crystals which melt during the process.
∆T = p d0 − dnip2 · Cp ·BW −
Xm ·∆Hf
Cp
(2.7)
Hereby p is the applied pressure, BW is the basis weight of the material and Xm is the
weight fraction of the material, which melts (= f · XC). It should be noted, that d0 here
is not the full thickness of the unbonded fibre web as the lose web can be compressed
significantly without any relevant forces and thus without significant heat of deformation.
Only when the fibres are compressed in a way, that any further compression leads to a
deformation of the fibre diameter itself the relevant thickness is obtained. Apart from the
heat of deformation, as described before, the high pressures also lead to an increase in
the melting temperatures of polymers. [35]
Clapeyron effect:
In short, the Clapeyron effect states that the phase transition of a pure material depends
on the pressure exerted and that an increased pressure causes, for example, an increase
in the melting temperature [48]. Depending on the source the effect on the melting tem-
perature of an increase in pressure of 100 N/mm2 is between 33.8 °C and 40 °C [49–52] so
that for the polypropylene HP 561 R used in this study, the melting point could increase
from about 159 °C to about 200 °C at the most.
There are thus two opposing effects with the heat of the deformation and the increase in
the melting temperature, which are produced by the pressure during calendering, whereby
both, depending on the source, are in the order of 15-40 °C [34, 35, 49–52]. This also
explains the fact that, depending on the publications, in some cases an effect of the
pressure on the bonding quality is measured, while others do not notice such an ef-
fect [34, 38, 46, 53, 54]. Here, other influencing factors such as the fibres used (material,
stretching and cooling conditions, as well as diameter) and the heat input, which depends
on temperature and calender speeds used, certainly play a role. But generally it can be
said, that the temperature and the time in the nip play a larger role, than the pressure
during the calendering [46].
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The different theories about the influence of the pressure partly also lead to different
assumptions about the melting of the material and the flow of molten material during the
process. While older sources state, that the material is not in a molten state and thus no
flow and no inter diffusion of polymer chains occurs and thus there is no interlocking bond
between the fibres [35] newer sources state and prove, that some portion of the material
is molten during the process and also that the time in the nip is sufficient for the polymer
chains to inter diffuse and form strong bonds between the fibres either in the whole
bonding area or at least at the edges of the bonding points [34,43,46,55]. A more detailed
description of the inter diffusion in dependency of the distance between the entanglements
in polypropylene and the influence on the reptation time is given by Michielsen et al..In
general it can be said that regardless of the exact mechanism of heating, in the middle
of a bonding point of polypropylene nonwovens a temperature of about 132 °C should be
reached to achieve a good bonding without overbonding, i.e. weakening of the fabric due
to damage to the fibres, loss of mechanical properties due to recrystallisation or sticking
of material to the calender, or underbonding, i.e. an insufficient bonding between the
fibres in the bonding points and thus a damage to the fibres without the advantage of the
sharing of loads in a bonding point. Furthermore the temperature of the rolls needs to be
below the melting point of the polymer in order to prevent material from getting stuck
to the surface of the rolls. [46, 56]
The question whether or not the material is at least partly molten during the calendering
process has been analysed and answered before. Duckett und Mueller show with FEM
simulations and measurements, that in fact with usual processing speeds the material
is softened before the minimum nip width and then deformed under the compression
load, reaching its maximum op pressure even before the minimum nip width. In this
softened state the pressure onto the nonwoven determines the degree of bonding between
the fibres. [42,43] SEM images like performed by Dharmadhikary et al. [38] also indicate
a melting for calendering temperatures of 149 °C and higher, although this temperature
again depends on the time in the nip and the basis weight of the material [46]. Figure 2.4
shows a bonding point at which the change in fibre geometry and the partial fusion of the
fibres in areas of high fibre density can be seen clearly.
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Figure 2.4: Microscopic image of an oval bonding point, the traces of the single fibres are still
visible in areas with few fibres whereas in areas with many fibres the material is
evenly bonded.
The heating and probably partly melting also leads to an increase of crystallinity inside
of the bonding points compared to the drawn fibres [38, 57, 58] dropping to the level of
the unbonded fibres in a distance of about 50 µm according to RAMAN measurements
performed by Wang and Michielsen [58]. Thereby an overbonding, i.e. a too strong
heating of the material, can lead to a loss of orientation of the molecules in the fibres
combined with the strong changes in crystallinity and thereby the mechanical properties
over a short distance which in turn reduces the mechanical stability of the nonwoven
significantly [58,59].Furthermore, it should be noted that the quality of the bonding also
depends on the draw ratio and the crystallinity of the fibres, since a high crystallinity
results in a slower melting process and, associated with this, a lower strength of the
bonding points under the same calendering conditions [34, 60].
Bonding Patterns
The geometries of the bonding points used in industry and research are very diverse.
Typical shapes are rectangular (square, rectangular or rhombic/diamond shaped) round
and oval or elliptic bonding points. The fraction of bonding points on the total area is
typically in the range of 5 to 25 %. [1]
In research mainly patterns with quadrangular (square, rectangle or diamond shaped)
bonding points in the size of several hundred µm and bonding point fractions between 8
and 22 % have been used [34–36, 46, 57, 60–65] while more recent studies also used oval
patterns [25, 66]. Furthermore, several patents exist introducing more complex shapes
which might help to increase the strength, the softness or the abrasion resistance of the
nonwovens [67–69], although to the knowledge of the author none of these patterns is
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available commercially until mid of 2019.
In order to introduce as little thermal energy as possible into the free fibres and thus
preserve the softness in fibrous structure of the unbonded areas the flank angles of the
island-shaped elevations of the bonding points on the engraved calender roll should ideally
be 90° and its height should be higher than the thickness of the web [1,34].
However none of the existing studies examined the effect of bonding point shapes, fraction
and alignment onto any mechanical properties in detail. The following chapter gives an
overview of the influence of the bonding onto the mechanical properties of nonwovens.
2.5 Mechanical properties of spunbond nonwovens
The complex mechanical properties of nonwovens depend on a large number of influencing
variables. Thereby the material characteristics and the material history play a significant
role, as well as the fibre-specific and the nonwoven-specific properties such as fibre orienta-
tion, bonding type or quality and nonwovens’ homogeneity described before. [1,12,70–72]
The material properties such as the molar mass distribution or possible additives play
an important role, as do the values of crystallinity or molecular orientation influenced by
the stretching and cooling of the fibre, which also depend on the drawing ratio and the
resulting fibre diameter. Apart from these also the humidity and the material history, like
pre stretching or thermal history or and possible radiation can have a large influence on
the properties. [63, 73, 74] Theoretically, the nonwoven properties could be derived from
these fibre properties assuming perfect distribution and ideal bonding. However, the dis-
tribution of fibre orientations and cloudiness already leads to a decline and anisotropic
distribution of mechanical properties. [12,14,19,25,28,36,72,75–78] Additionally, in prac-
tice, a significant weakening of the fibres by calendering is evident, which can reach up to
34 % of the initial strength in some cases [38, 56]. Generally the load situation inside of
the bonding point due to the forces in various directions from the different fibres is known
to be very complex [79].
Tensile strength
Therefore, the influence of bonding on the nonwoven properties, in particular on the ten-
sile properties, has already been analysed thoroughly in a large number of studies. It was
unanimously shown that with increasing bonding temperature, the modulus of elasticity
continues to increase, while the strength and elongation at break run through a maximum,
i.e. there is an ideal bonding temperature. This temperature also depends on the bonding
time and speed, the pressure and, of course, the fibre material used and it is in almost any
case below the melting temperature of the material as otherwise molten material would
stick to the calender rolls and be torn out of the nonwoven. [36, 37, 46, 57, 61, 63, 73] The
pressure itself is reported to have a much smaller influence than the bonding tempera-
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ture. [34,38,46,53,54] Bonding as such leads to a load distribution over several fibres and
to a fixation of the geometric structure of the nonwoven, but also to significant changes
in the cross-section geometry, crystallinity and molecular orientation at a distance of a
few µm due to the partial melting of the polymer [25, 59, 60, 75] Therefore, various in-
vestigations have shown that material failure occurs especially at the edge of the points,
whereby an ideal bonding usually occurs when the transition from material failure at the
bonding edge to a loosening of the fibres from the bonding point occurs with subsequent
failure of the fibres at the bonded sections [37, 63]. In contrast to the bonding settings,
there are hardly any investigations on the influence of the bonding point shape or the
percentage of bonding points in the total area. Only Bhat et al. investigated the influ-
ence of bonding point fraction and size of rectangular bonding points on tensile strength,
but only in a small, not systematically covered range and for staple fibres. Thereby an
increase of modulus and strength, as well as a reduction of ductility, was shown with
increasing bonding point fraction with similar bonding point size. An increase in the size
of the bonding points with the same proportion of bonding points also showed a slight
increase in the tensile strength. It also showed that the mechanism of material failure
does not depend on the bonding point shape or size but primarily on the temperature. [37]
Tear strength
In addition to the tensile strength, the influence on the tear strength was also investi-
gated in the work of Bhat et al. Here, too, the trend of increasing strength with increasing
bonding point fraction was evident. However, the size of the bonding points had no sig-
nificant influence on the tear strength, while an increase in temperature by reducing the
fibre mobility even led to a reduction in the tear strength. [37] Beyond this work, how-
ever, there is hardly any research dealing with the tear resistance of nonwovens. Only
Fedorova et al. also dealt with the tear propagation strength of thermally bonded bi-
component fibres made of polyamide and polyethylene, whereby only the influence of the
fibre composition and different post-treatments was analysed [80]. Only for textiles in
general various tests on tear resistance were carried out [81–87]. It was shown that in
general not only the strength and elasticity of the textiles but also the number of fibres
is decisive for their strength [82]. This suggests that tearing of nonwovens in CD, i.e.
perpendicular to the main fibre direction, may be significantly more difficult. Generally
it was found that at the tip of the crack a deformation zone is formed with the fibres
aligned mainly perpendicular to the direction of the crack due to reorganisation of the
fibres [87]. In addition, reduced strength was found at a high density of loops per area in
woven or knitted materials due to reduced mobility and high stress on the fibres between
fixation points, suggesting that a low bonding point spacing under otherwise identical
conditions could lead to a reduction in tear propagation strength [81, 83]. Also, the fact
that stiff textiles tend to show a lower resistance to further stress, while flexible materials
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can spread the load much further and more complex and thus tear at higher forces and
not necessarily in the intended direction supports this hypothesis [86]. In addition, it
has been shown that the test on trapezoidal samples, for example, resembles a partially
successive tensile strain of individual fibres of different lengths, whereby the shortest, i.e.
the closest to the crack, break first and the zone of highest deformation successively moves
through the sample [84, 87]. For nonwovens, this results in a complex behaviour, which
on the one hand also suggests that short bonding point spacings, i.e. short fibres, lead to
rapid tearing due to a hindered reorientation of the fibres. On the other hand with larger
spacings between the bonding points a complex stress structure can arise due to the curl
of the fibres and the high variation in free segment lengths between bonding points. This
combination makes it very difficult to predict the tear behaviour of nonwovens.
Abrasion resistance and pilling
Generally the destruction of material during a movement against another surface can re-
sult in two effect. The first is the classic abrasion where material is lost, while in the
second case pills of detached fibres form on the surface but without being detached from
the material completely, as it is common for spunbond materials with its filaments of ’in-
finite’ length. Since many methods for determining the abrasion resistance of nonwovens
and textiles are based on the subjective evaluation of the optical quality of the samples,
which are, however, very error-prone due to subjectivity, there is a large number of publi-
cations which deal both with the objective analysis of textiles in general [88–92] and with
nonwovens in particular [93–97]. However, most of this work does not go beyond simple
method development and description. The few studies dealing with influencing factors
on the abrasion behaviour of nonwovens show that at least when bonding with hot air an
increased weight per unit area leads to an increased abrasion resistance [98]. In addition,
there are studies dealing with chemically bonded or needled nonwovens, but none on the
explicit influence of thermal calendering on abrasion resistance [99,100].
To get a general idea of the mechanics during the pilling Hearle and Wilkins developed
a mechanistic model of the pilling process. Hearle and Wilkens as well as Ukponmwan
et al. summarised the existing models of the pilling formation, showing that the general
process for textiles is the formation of fuzz which can be worn off or entangled into
pills, which again might wear off or disintegrate into fuzz. Thereby the generation of
fuzz depends on the friction, stiffness, abrasion resistance and breaking strength on the
fibres, which in the case of spunbond nonwovens usually means, that due to the high
strength of the fibres there is hardly any fuzz at all. The pilling formation is driven by
entanglement of the fibres, which depends on fibre properties like e.g. stiffness, friction or
shape. The wear off of the pills depends on the breaking strength of the fibres which again
is so high for spunbond fibres, that the pills usually don’t wear off at all. So from these
mechanisms pill formation or fibre entanglement is the predominant factor for spunbond
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nonwovens. [97, 101–103]
To create pills usually two fibres or free fibre segments are needed which are long enough
to entangle with one another or from a single fibre when it is longer than a critical length.
The pill growth then occurs as soon as the pill entangles with further fibres having a suf-
ficient free length. [102] So for calendered nonwovens the assumption would be that the
free segment length of fibres between bonding points or, when fibres are detached from
bonding points between still intact bonding points is the decisive measure for pilling.
Thus the spacing between the bonding points in combination with fibre orientation and
curl and the forces needed to detach fibres from the bonding points are likely to be the
most important values controlling the pilling of the nonwovens.
Coefficient of friction
Usually the coefficient of friction is independent of the sliding speed, the normal force
or pressure onto the material and of the contact area according to Amontons’ laws of
friction [104]. For textiles, however, it is known that these laws are not so applicable,
since the friction coefficient of textiles depends both on the speed and on the normal
force [105], although for nonwovens against surrogate skin this was not confirmed [106].
Wilson furthermore detected the correlation between normal force FN and the frictional
force FD to be as shown in equation 2.8 with adaptable parameters C1 and n [107].
logFD = C1 + n · logFN (2.8)
There is also a limited number of studies explicitly dealing with the friction behaviour
of nonwovens both nonwoven in contact with skin as well as nonwoven on nonwoven.
Thereby a strong dependence of the coefficient of friction on the fibre material as well
as a decrease of the coefficient of friction with increasing normal force, contrary to the
relation of equation 2.8, was found. For the basis weight, the maximum coefficient of
friction was found to be between 30 and 70 g/m2 depending on the normal force ap-
plied. In addition, direction-dependent experiments were carried out which showed that
the friction in CD, i.e. perpendicular to the direction of the main fibre orientation, is
greater than in MD. [99, 108–111] For polypropylene nonwovens Falloon and Cottenden
reported no significant influence of the fibre diameter, as well as of the basis weight and
of the bonding area onto the coefficient of friction against surrogate skin [106]. The most
recent study onto the coefficient of friction of nonwovens by Phyo Wyint et al. shows a
slightly different behaviour than shown in earlier studies. For polypropylene nonwovens,
no significant influence of basis weight on the coefficient of friction could be determined.
By superimposing different bonding point fractions and different bonding point shapes
and varying fibre materials, no clear effect of either bonding point shape or bonding point
fraction could be evaluated. [66]
2 Fundamentals 17
In general, it must be noted that the information on the influence of the bonding points on
the various mechanical parameters, if available, is then based on only one or two studies
per parameter and that the data here is therefore very thin compared to that available on
other influencing variables such as the fibre material or the calendering conditions. For
this reason, the influence of the bonding points was systematically investigated in this
thesis. A modelling of the parameters including the corresponding basics can be found in
chapter 7.
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3 Sample production
3.1 General spunbond setup
Generally the samples were produced according to the spunbond process described in
section 2.1. A schematic image of the used spunbond machine is shown in figure 3.1.
For this study the isotactic fibre spin grade type polypropylene Moplen HP561R (melt
flow index of 25 g/(10 min) at 230 °C with a weight of 2.16 kg) was used due to its
very narrow molecular weight distribution and its frequent use in nonwoven research.
The polymer was kindly provided by Lyondell Basell. It has a weight average of 180
kg/mol and a number average of 91.6 kg/mol, resulting in a polydispersity of 2.0. The
size exclusion chromatography was done with an Agilent PL-GPC-220 coupled with a
Wyatt Technology Dawn Eos multi angle light scatterer. Differential scanning calorimetry
(DSC)-measurements (DSC: Q2000, TA Instruments) gave a melting point of 159.33 ±
0.14 °C whereas the onset temperature for the melting peak is in the range of 135 - 140 °C.
As described in chapter 2.4 the melting temperature could go up to about 200 °C at most
under the high pressures in the nip of the calender. The polypropylene was spun without
pretreatment or drying and without further additives, the temperature in the spinning
chamber was maintained at 18-20 °C, the humidity in the cooling area was monitored and
was in the range of 55-70 %.
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Figure 3.1: Scheme of the fibre spinning setup with the feeder (1), extruder (2), gear pump (3),
die (4), cooling tunnel (5), aspirator (6) lay down belt (7) and calender (8)
The feeder (1) with the polymer granulate was controlled automatically in a way that the
melt pressure at the end of the twin-screw extruder (Thermo Scientific eurolab 16) (2)
was kept constant at a pressure of 20 bar. The twin screw extruder itself was running
with a speed of 200 rpm, its heat zones were heated to a temperature of 250 ◦C, except
for the first two zones, which were heated to 240 and 245 ◦C respectively. The following
gear spinning pump (3) was run with a speed of 6 rpm to feed the dies with a constant
volume flow rate Q of 3.90 cm3/min (3.55 g/min) or per hole 0.49 cm3/min (0.44 g/min)
with eight holes and a radius rH of 135 µm. According to equation 3.1 this results in
extrusion speeds v0E of 851 cm/min or 0.14 m/s.
v0E =
Q
pi · r2H
(3.1)
This resulted in a residence time in the process of 11.5 minutes for the polymer. Before
entering the dies the melt was filtered using a triple layered filter with mesh densities
decreasing from 16900M/cm2 (meshes/cm2) to 6400M/cm2 and 900M/cm2 in flow di-
rection. The spinning head (4) itself contained a die holder with eight dies, each having
a diameter of 270 µm and a L/D ratio of 2/1. A CAD sketch of the die is shown in
figure 3.2.
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Figure 3.2: CAD image of the used die with eight holes on a 9mm circle, each having a diameter
of 270 µm and a L/D ratio of 2:1
The cooling air (5) was tempered to a temperature of 8 ◦C and lead into the cooling
channel with a temperature and speed profile corresponding to Fourné [112]. Air speeds
of 0.31m/s (directly at the nozzle) to 0.15 m/s (at the lower end of the cooling duct) were
achieved with a power setting of 15%, showing a profile deviating from the prediction of
Fourné [112], since a faster air flow occurs in the vicinity of the heated die. This might
be caused by convective rising air currents on the outside of the hot die block and the
spinning smoke extraction above the die block (illustrated in figure 3.3).
Below the cooling duct at a distance of 1780mm to the die, four high pressure aspirators
with circulating outflow were located below the cooling duct in a parallelogram shape
according to figure 3.4. Two adjacent filaments were threaded into each aspirator to
ensure evenly distributed stretching force onto the fibres. The aspirators were run with
a pressure pA of 1.5 bar resulting in fibre velocities vF of 36.2m/s. Thus the produced
fibres had a diameter dF of 16.91± 0.89µm (fibre fineness = 2.02 dtex; (d)tex is the unit
for the linear mass density of fibres and one dtex means a weight one gram per 10,000
meters of fibre) giving a stretching ratio of 15.96. The influence of the aspirator pressure
onto the fibre velocities and thus the fibre diameters was analysed, showing a behaviour
according to equation 3.2, with v0G being the speed of gravity drawn fibres (in this case
1.33 m/s) and kv being a constant to adapt the slope of the curve (19.41 ± 0.45 (m/s)0.5).
vF = v0G + kv · p0.5A (3.2)
The fibre radius rF can then be estimated using equation 3.3.
rF =
√
v0E · r2H
vF
(3.3)
To evaluate the ideal positioning of the four aspirators 1 cm wide and 1 m long stripes
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Figure 3.3: Sketch of the air flows in the spinning chamber with position of the air deflector,
measured speed profile of the air flow cooling the fibres, and the heated convective
air flow of the heated die.
Figure 3.4: Aspirator arrangement with area of fibre lay down (orange) in a way, that after the
last aspirator there is a homogeneous layer of nonwoven with a sufficient overlap
to ensure fibre entanglement
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were cut from weakly bonded nonwovens parallel to MD. Thereby the variation in basis
weight in CD could be determined and adjusted by changing the position of the aspirators
until a constant (to the extend of the standard deviation) basis weight over a width of
more than 7 cm could be achieved.
Below the aspirators the fibres were then laid down onto the lay down belt shown in
figure 3.5 at a distance of 610 mm below the aspirators. The belt speed was kept constant
at 1.05m/min (8 rpm) to produce a constant basis weight of 16.9± 1.2 g/m2. To prevent
any unwanted movement of the deposited fibres, the air below the lay down belt was
extracted via two radial exhaust fans (ESTA, 0.55 kW at 2820 rpm). In addition, possible
movement of the fibres in the collection area (2) due to the air flow of the aspirators was
prevented via the plate (air shutter (3)) behind the suction area.
Figure 3.5: CAD-illustration of a lay down belt (blue) with fibre deposition area (1), area of
specimen collection (2) air shutter (3) and suction air pipes (4)
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Figure 3.6: Frames with neodymium magnets marked red
For the tests with varying calender pattern a different calendering technique has been
used. Therefore a metal frame as shown in figure 3.6 (left) was laid down onto the lay
down belt in front of position (1) in the centre of the belt. Then the fibres were laid
down on top of it before the second frame was placed onto the first frame again. The
two frames were held together by neodynium (NdFeB) magnets placed on the corners of
each frame. Then the surrounding fibres were removed and the frames with nonwovens
(figure 3.7) were put into the calendering tool shown in figure 3.8.
Figure 3.7: CAD-illustration of the nonwoven frames with a nonwoven (black) clamped be-
tween the frames
The calendering tool was placed in a hydraulic press (Vogt LaboPress P200T) and the
samples were pressed with a resulting pressure of 718.08N/mm2 onto the bonding points
(114.89 N/mm2 in respect to the total area). The heating elements in the plates were
heated to temperatures of 150 ◦C for the top plate and 147 ◦C for the bottom plate result-
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Figure 3.8: CAD-illustration of the calendering press tool that was used for the calendering in
the hydraulic press
ing in surface temperatures of 135 ◦C and 130 ◦C respectively. For higher temperatures
the long bonding times in the press led to a destruction of the sample. As the area fraction
of the bonding points on the total area varied with bonding pattern from 8% to 32% the
pressure setting of the press was adjusted accordingly, to constantly keep a pressure of
718.08N/mm2. For a bonding point fraction of 16 % this resulted in a maximum pressure
of 114.89N/mm2 in respect to the whole nonwoven area, which is comparable to pressures
of about 80-90 N/mm in a calender with nonwoven basis weights of 17 g/m2 as described
in chapter 2.4. The shortest possible residence time in the press nip, as measured with the
high speed microscope Keyence VW 9000 was 0.65 s. This is longer than the time in the
nip of a calender with 1.05 m/min, which is about 0.19 s according to the measurements
of Mueller and Klöcker 1994 [43]. Thus the time was kept at 0.65 s and no further holding
time of the applied pressure was required.
3.2 Used calendering patterns and settings
The patterns used for the study were all derived from a round pattern with a bonding
point fraction of 16 % of the total area with the single bonding points having an area of
0.40 mm2 arranged in a two-dimensional hexagonal lattice with interior angles of 120° in
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MD and 60° in CD (figure 3.9, centre) and a lattice constant of 1.7 mm (bonding point
spacing). This pattern is at least similar to those used in current industrial applications.
Starting from this pattern, patterns with elliptic or oval bonding points (L:D ratio of
3:2) were used, whereby alternating rows of bonding points were tilted to the left and to
the right at an angle of 60° to MD (figure 3.9, left) to analyse the influence of oriented
bonding points. The third group of patterns also consisted of oval bonding points, with
the long and short sides of the oval bonding points being inverted (figure 3.9, right).
Based on these patterns, the designations, O (oval), R (round) and I (inverted) of the
various patterns were chosen.
Figure 3.9: Sketches of the different shapes of the calender patterns oval (left), round (centre)
and inverted oval (right) with the single bonding points having an area of 0.40 mm2
arranged in a two-dimensional hexagonal lattice with interior angles of 120° in MD
and 60° and a lattice constant of 1.7 mm (bonding point spacing)
In addition to the shape of the bonding points, the distance between the bonding points
in MD and CD was also varied. Starting from the original pattern, MD and CD spacing
between the centres of the bonding points were combined in 0.5-fold, 1-fold and 2-fold
spacing. The size of the bonding points was adjusted accordingly to maintain the area
proportion of 16 %. This is illustrated for the round patterns in figure 3.10. The naming
of the patterns and the corresponding samples was based on the principle of form - CD
spacing - MD spacing. This means that the oval pattern with half the distance in CD
and twice the distance of the bonding points in MD is called O-0.5-2. As the tests
revealed higher strengths of the nonwovens with higher spacing between the bonding
points, patterns with 4-fold and 8-fold spacing were tested as well (R-4-4 and R-8-8, see
figure 3.11). Thereby round bonding points were used as thus the observed effects were
not altered by anisotropic geometry effects of the bonding points.
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Figure 3.10: Sketches of the nine different round calender patterns with naming according to
the distance between the bonding points in CD and MD in relation to the centre
pattern 1-1, total measures of the bonding point distances in MD and CD are
noted at the right and top of the rows and columns
Figure 3.11: Sketches of the patterns with different bonding points spacing (top) and different
bonding point fraction (bottom) except for 0 % and 100 %
In addition, patterns also with round bonding points and bonding point fractions of 8 %,
32 % and 64 %, all with bonding point sizes of 0.40 mm2, as well as smooth plates for
3 Sample production 27
imitating 100 % bonding point fraction and framed samples without any bonding points
(0 %) were used to evaluate the influence of the bonding point fraction (figure 3.11).
However the tests with 100 % were done with a much lower pressure (29.92 N/mm2) and
therefore a higher pressing time (3 s). The variations of the bonding point spacing and the
bonding point radius for different bonding point fractions as well as for different spacings
and sizes are shown in figure 3.12
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Figure 3.12: Bonding point radius over the bonding point spacing for the variations in bonding
point fraction (left, marked red) and the bonding point spacing and size (right,
marked red). The grey area defines the range where the bonding points would be
in direct contact with their neighbouring points.
In a third step diamond shapes, ring shapes, rectangular shapes (all with single bond areas
of 0.40 mm2) as well as bonded lines (MD or CD) or a grid with perpendicular bonding
lines resulting in square shaped sections have been tested to evaluate further geometries.
The bonding fraction of 16 % was kept constant for all of these patterns as well.
Figure 3.13: Other used pattern geometries with diamond, rectangular, ring, line and square
pattern (from left to right). For a better estimation of the individual patterns,
the individual geometries are not shown with the same scale.
The flank angle of the bonding points, i.e. the angle between the surface of the bonding
point and the sloping flank to the base of the roll, was 60° for all the patterns mentioned.
In order to evaluate the influence of the flank angle and to describe the different tensile
behaviour of pure bonding points, free fibres and bonding point edge, further samples
were prepared with two movable large bonding points with flank angles of 30°, 45° 60°
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and 90° as well as a rounded edge with a radius of 2 mm as shown in figure 3.14. Samples
were then prepared with both movable bonding points having the same flank angle, as
shown in figure 3.14. For the various tests, the distance between the two bonding points,
which had a base area of 15 mm · 15 mm each, was set to 0 mm, 1 mm, 2 mm, 5 mm,
10 mm and 20 mm.
Figure 3.14: CAD-illustration of the pressing plate with movable patterns (bottom) and side
views of the plates with different flank angles above
To evaluate the quality of the nonwovens produced with the press, nonwovens were also
produced using a laboratory calender (Saueressig Laborkalander GK 300 L) with the basic
O-1-1 pattern. To obtain comparable pressures and temperatures in the centre of the web
according to the calculations from chapter 2.4 the calender was driven with a line pressure
of 83 N/mm which gives a resulting pressure of 97.27 N/mm2 and a maximum pressure
of 123.83 N/mm2 which is comparable to that used in the press and with temperatures
of 140 °C of the upper and 125 °C of the lower roll. The influence of pressure and
temperature onto the tensile strength of the samples bonded in the laboratory calender
are shown in appendix B, whereby it should be noted, that the results differ from the ideal
settings in the press due to different residence times, pressure and temperature profiles
and additional shear forces in the laboratory calender which are not present to that extend
in the calender press.
The ideal pressures and temperatures of the calender press have been estimated using the
calculations and sources shown in section 2.4 but further studies to prove these have been
performed showing an maximum of the tensile strengths at set temperatures of 145-153 °C
(resulting in surface temperatures of 128 - 138 °C) and pressures of 110 - 120 N/mm2 in
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respect to the whole press area. An increase in pressing time only led to a slightly reduced
mechanical performance and was thus not used.
With the used temperatures according to equations 2.7 from Warner [35] derived from
Kerekes [47] the temperature in the centre of the web for 17 g/m2 is about 130-134 °C
for the slow line speeds of 1 m/min used in this study, which is in good agreement to
the findings of Michielsen et al. who found temperatures at or above 132 °C to be ideal,
whereby the surface tempartures of the rolls need to be below the melting point of the
PP in order to prevent material from sticking to the surface of the rolls [46].
In order to investigate the extent to which the mechanical properties of the samples
produced correspond to those of calendered samples, samples of the same basis weight
were examined and the tensile properties compared. As can be seen in figure 3.15, the
strengths are in the same order of magnitude, but the MD strength of the calender is
higher, but lower in CD, than that of the specimens bonded in the press.
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Figure 3.15: Comparison of the tensile strength in MD and CD of nonwoven samples bonded
in the press at the best achievable settings and in the calender under comparable
pressure and temperature settings, showing that both are in the same order of
magnitude but the calender having a more pronounced difference of strength in
MD and CD
In order to find the reason for these differences, the fibre orientation of both nonwovens
was determined and compared with the methods described in the following chapter 2.2.
As shown in figure 3.16, the MD orientation of the fibres in the calendered samples was
significantly increased.
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Figure 3.16: Comparison of the orientation distribution functions of samples with a basis
weight of 17 g/m2 bonded in the press [4] and the calender, showing that the
slight force applied by the calender induces a significant increase of fibre orienta-
tion in MD for the investigated nonwovens. This effect is assumed to be far less
pronounced on wider and faster production lines.
A subsequent analysis showed the reasons for the strong orientation in the calendering
process. On the one hand, the nonwoven is stretched in MD by the fact that the calender
runs somewhat faster than the upstream lay-down belt in order to avoid material accu-
mulation in front of the calender. In addition, the heat input causes the fibres to contract,
but this is restricted in the lateral direction in the calender gap. These two effects ensure
that the fibres are increasingly aligned in MD and then calendered, which in turn leads
to increased strength in MD and reduced strength in CD. This effect is of course less
pronounced in commercial webs, as the total belt and calender speeds are higher and thus
the relative changes in speed in combination with a much wider and thus more stable web.
Therefore the belt speeds are much higher, leading to a similar ODF for the commercial
webs, as for the calendered samples in this study.
The increased strength in MD is presumably increased further by a somewhat higher
overall strength, since due to the cylindrical shape of the rolls additional shear forces act
which are not present in the press. Furthermore, the Hertzian contact in the calender nip
leads to slightly higher higher maximum forces, too. Apart from that the heat acts over
a shorter time and can be transferred to neighbouring areas which are not yet or not any
more inside of the nip and therefore higher temperatures are possible, which cannot heat
the core layer but the edge layer more strongly without delamination in the area of the
bonding points. A faster press with higher maximum pressure might help to reduce the
differences and increase the quality of the bonding, although the differences in orientation
would still be maintained.
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4 Optical characterisation, microscopy
and infrared spectroscopy
Generally for the optical characterisation of the nonwovens three different methods have
been used. To evaluate the basis weight fluctuations (cloudiness) and for the determina-
tion of the ODF nonwovens have been scanned with a flatbed scanner (HP Scanjet 5590)
with a black featureless background material (e.g. rubber) with a resolution of 2400 dpi,
a contrast of 700 and a brightness of 100 (settings in the Windows scanning tool). For
comparison also other scanners were tested, but the variation between different scanners
was at least one order of magnitude smaller than the variation of the samples itself.
For the determination of the fibre diameter, fibre curl, fabric thickness and the optical
analysis of the elongation and fraction mechanism a digital light microscope Keyence
VHX-1000 has been used in reflected light mode.
Analysis of pills, surfaces or edges of bonding points and other scanning electron mi-
croscope (SEM) images have been performed using a ZEISS GeminiSEM. Before SEM
imaging all samples had been sputtered with a gold coating for 30 seconds.
Videos to determine the tensile and tear behaviour have been performed using a Keyence
VW-9000 high speed microscope and a Canon EOS 1200D digital camera.
4.1 Fibre orientation
In this study the OrientationJ plugin for ImageJ [22] was used to determine the ODF of
the nonwovens. Before the actual tests the method was validated using three commercially
available nonwovens with different ODF but same basis weight of 15 g/m2 and comparing
the results from OrientationJ to results obtained by manually tracking the angles at
reference shapes (in this case bonding points) as described in section 2.2. As shown in
figure 4.1 the automated analysis with OrientationJ matches the manual measurements.
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Figure 4.1: ODF-curves measured manually for three different sets of 15 g/m2 samples (S1, S2
and S3) and the according measurements generated with OrientationJ
Thus the orientation of the produced nonwovens was analysed on ten different nonwoven
samples calendered in the press with a size of 10 cm x 10 cm with OrientationJ (Distri-
bution plugin, settings: Cubic Spline Gradient, Gaussian window 1 px, Min. Coherency
70 %, Min. Energy 10 %). The same was done for samples of that size after passing the
calender with a temperature of 140 °C of the upper and 125 °C of the lower roll and a
pressure of 83 N/mm as shown in figure 3.16 in the previous chapter. The ODF of the
produced nonwoven with a basis weight of 17 g/m2 and bonding in the hydraulic press,
that can be seen in figure 4.2, shows a less pronounced difference between MD and CD
orientation than in commercially available nonwovens, because of the lower speeds of the
lay down belt. Furthermore, the lay-down of the fibres by the aspirators is not completely
isotropic but with a preferred laydown in the 45° directions leading to two peaks at ±45°
to MD.
For further modelling the ODF can be described by the following function, using two
cosine functions to describe the two maxima to both sides of MD:
Normalised frequency = (1− A) + A · (cosx)b − C · cos(4x) (4.1)
where A is a measure of the difference from lowest to highest orientation, C a measure
for the reduction in MD and b indicates how narrow the distribution function is. For the
manufactured nonwovens with 17 g/m2, values for A of 0.312 ± 0.005, b of 1.414 ± 0.052
and for C of 0.107 ± 0.002 are obtained. As shown in figure 4.2 it is possible to describe
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the measured ODF and the MD/CD ratio within the variation of the measured data.
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Figure 4.2: ODF function of the produced nonwoven showing a MD-orientation, although less
pronounced than in industrial nonwovens. Fit (red) according to equation 4.1.
4.2 Web uniformity
In order to avoid errors due to inaccurate cutting or material loss during cutting, the
variation of the basis weight was determined using the average grey value of scanned
greyscale images of the nonwovens. For this purpose, the method was first calibrated.
Therefore 46 nonwovens with different basis weights were scanned as well as weighed and
measured to determine the basis weight. Both were then plotted against each other as
shown in the figure 4.3. The result is a curve according to the saturation equation 4.2
where gv0 is the start value corresponding to the grey value of the black background
material. gvS is the saturation value (minus the start value) that would be reached
for very high basis weights, since the average grey value no longer increases as soon
as no background material is visible. Both values were also confirmed by experimental
investigations. Thus only the factor kgv remains as an adaptable constant to adapt the
course of the curve to describe the grey value gv as a function of the basis weight BW.
gv = gv0 + gvS ·
(
1− e−kgv ·BW
)
(4.2)
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As can be seen in figure 4.3, the scanning method can be used to accurately map the
basis weight using the equation 4.2 with values of gv0 = 40.75 ± 1.16, gvS = 191.4 ± 1.4
(resulting in a total saturation value of 232.15 ± 2.56) and kgv = 0.02646 ± 0.0006 m2/g.
It should be noted that both other bonding processes and other fibre diameters can
influence this correlation, and therefore a new calibration is necessary if these parameters
are changed.
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Figure 4.3: Average grey value as a function of the basis weight. Using the fit (red) according
to equation 4.2 the data can be described accurately showing a starting value for
the black background of 40.75 ± 1.16 and a saturation brightness for high basis
weights of 232.15 ± 2.56.
Of the nonwovens produced, six strips with a length of 24 cm and a width of 8 cm were cut
and then scanned. Subsequently, the mean grey value as well as their respective standard
deviation per size was determined for the whole strip as well as for smaller squares with
a maximum size of 8 cm · 8 cm and a minimum size of 0.4 cm · 0.4 cm.
As can be seen in Figure 4.4, the standard deviation for relatively large samples remains at
an almost constant level until it begins to increase at areas smaller than about 4000 mm2 to
5000 mm2. This corresponds to an edge length of the squares of about 60 - 70 mm, which
is about the size of the homogeneous laydown of the fibres. To calculate the coefficient of
variation cv, equation 4.3 was then used, where σSD corresponds to the standard deviation
and Mean to the mean or average value of the grey values.
cv =
σSD
Mean
(4.3)
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Figure 4.4: Average grey value and its variation for different sample sizes of all sample sizes
(left) and of the limited range marked with the dotted box (right). It becomes ap-
parent that there are three characteristic patch sizes where the variation increases.
One on large scale of about 4000 - 5000 mm2 or an edge length of 70 mm (homo-
geneous lay-down width), one in the range of 100 mm2 which si the cloudiness of
the material and one below 1 mm2 due to the porosity of the nonwoven. Data as
in [4].
If the coefficient of variation is now plotted over the edge length of the squares (figure 4.5),
it can be seen that the coefficient of variation is constant over an edge length of 70 mm at
a value of about 0.005, but then almost increases by a factor of ten to over 0.03 for smaller
areas down to 10 mm · 10 mm. There a second increase can be seen which corresponds
to that of the laydown cloudiness until below the size of about 1 mm a third increase is
reached due to the inherent porosity of the nonwoven reaching a value of 0.2939 on the
size of a single pixel (10.583 µm). Thus it can already be said that the characteristic size
of the repeating patterns and large basis weight fluctuations is less than 7 cm in size,
which is about the same size of the homogeneous lay-down width of the fibres, whereby
the cloudiness on a smaller scale is in the size of about 10 mm · 10 mm. Furthermore, the
coefficient of variation is quite low compared to other coefficients of variation reported
in literature, which are usually in the range of 0.03 - 0.9 for samples in the range of
several cm [30, 32]. The error of the coefficient of variation was estimated according to
equation 4.4 using the granularity ∆.
N =
(1.96 · σSD
∆
)2
(4.4)
Thereby N equals the number of measurements, σ the standard deviation and ∆ the
granularity [113].
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Figure 4.5: Coefficient of variation plotted over the edge lengths of the analysed squares, again
with all tested sizes on the left and a detailed graph at the size above 5 mm2 (right)
showing steps in the curve at sample sizes of 70 mm, 10 mm and 1 mm as already
suggested in figure 4.4.
4.3 Fibre curl and free segment length
The free segment length of each fibre between two bonding points has been determined for
the different calendering patterns. This free segment length is defined as the true length
of the fibre from the exit of one bonding point to the entering point of the next bonding
point, that is hit by the fibre. This evaluation was done by a small simulation.
Before the simulation could be performed the curl of the produced nonwovens had to be
determined. This was done by measuring the straight distance between to entry points
of fibres into bonding points as well as the true fibre length (or free segment length)
between these two points as shown in figure 4.6. This was done on 100 fibres from
different nonwovens and afterwards the curl was determined according to equation 2.1.,
showing a curl of 35.5 % ± 4.1 %.
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Figure 4.6: Image of a nonwoven with fibre segments marked (blue) and the direct connection
between the fibre ends (red)
Afterwards a nonwoven image was generated on the computer by performing a random
walk with varying segment length from 0.67 to 8.8 mm resulting in a curl corresponding
to that in the nonwovens. The random walk is superimposed by a probability function
according to equation 4.1 in such a way that steps of the random walk in the respective
direction have a corresponding probability according to the given orientation distribution.
In this generated nonwoven fibres were added to the image until the pre-defined basis
weight was obtained. A comparison between a scanned nonwoven and a generated one is
shown in figure 4.7.
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Figure 4.7: Comparison between a scanned nonwoven (left) and a generated nonwoven image
(right)
You can see the similar shape of fibres on the small scale and even the cloudiness on
larger scale which actually happened just due to the random distribution without further
implementation in the code. Following that step a bonding pattern could be added to the
image and the free segment length of every fibre segment between two bonding points was
determined. Thus an exact distribution of free segment lengths for the different patterns
could be analysed. This analysis was performed for different patterns, starting with the
patterns with different bonding areas.
0 . 0 0 0 . 1 6 0 . 3 2 0 . 4 8 0 . 6 4
0
2 0 0 0
4 0 0 0
6 0 0 0
8 0 0 0
1 0 0 0 0
1 2 0 0 0  0 . 0 8 0 . 1 6 0 . 3 2 0 . 6 4 F i t  A * ( 1 / x - 1 )
Fre
e se
gme
nt le
ngth
 / µ
m
B o n d i n g  p o i n t  f r a c t i o n 0 . 0 8 0 . 1 6 0 . 3 2 0 . 6 4
1 0
1 0 0
1 0 0 0
1 0 0 0 0
Fre
e se
gme
nt le
ngth
 / µ
m
B o n d i n g  p o i n t  f r a c t i o n
Figure 4.8: Free segment length as a function of the bonding point fraction with a fit according
to equation 4.5 (left) and a whisker box plot of the free segment lengths for the
different bonding point fractions φbonding with logarithmic scaling on the y axis,
showing a significant reduction in mean and median values, while the minimum
stays constant and the maximum stays in the same order of magnitude (right).
As can be seen in figure 4.8, the free segment length (FSL) decreases significantly with
increasing bonding point fraction φbonding, as the remaining free space is reduced with
increasing bonding point fraction. The decay follows a curve that can be described by
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equation 4.5 with a constant KFSL = 546.5 ± 8.9 µm. Thereby the free segment length
becomes 0 for a bonding point fraction of 1 (100 %) and goes towards infinite lengths for
very small bonding point fractions.
Generally it needs to be considered that despite the large standard deviation due to the
large range of possible segment lengths, the granularity according to equation 4.4 is only
in the range of 4 - 40 µm due to the high number of analysed segments (usually 190000
or greater).
FSL = KFSL ·
(
1
φbonding
− 1
)
(4.5)
It can be assumed that the curve usually follows a similar equation for all kinds of point
patterns (without any continuous bonding areas) with an initially infinite fibre length and
a length of 0 µm at a at bonding, shape and pattern of the bonding points. Furthermore,
in figure 4.8 (right) it can be seen that the minimum FSL remains more or less constant,
as the curl defines the minimum length of a single fibre entering a single bonding point
twice. The Mean and median values drop with increasing bonding point fraction while
the maximum has a plateau for mediocre bonding point fractions while of course it would
reach infinity for no bonding points and zero for a bonding point fraction of 1.
The effect of the scaling of the same bonding pattern, i.e. patterns 0505, 11, 22, 44 and
88 or distances between the bonding points on the hexagonal lattice of 0.85 mm, 1.7 mm,
3.4 mm, 6.8 mm and 13.6 mm is shown in figure 4.9, showing an expectable linear increase
in the mean FSL with increasing distance between the bonding points and thus the scaling
of the pattern. Again it can be seen, that the minimum FSL values remain constant, while
the mean, median and maximum values increase with increased pattern scale.
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Figure 4.9: Free segment length as a function of the bonding point distance (on the hexagonal
lattice) with linear fit (left) and as a whisker box plot with logarithmic scaling on
the y axis (right). Both show an increase of the free segment length with increased
distance between the bonding points.
Furthermore, the effect of the variation in the distances in MD and CD between the
bonding points as well as the shape of the bonding points is analysed. Figure 4.10 shows
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the FSL for round bonding points and different bonding point distances in MD and CD.
Again for big distances between the bonding points the FSL increases, showing lines of
constant FSL for constant bonding point sizes (e.g. for patterns 0.5-2, 1-1 and 2-0.5 which
all have the same size of bonding points). The shown data in figures 4.10 and 4.11 are
mean values, the medians show the same trend just shifted to slightly lower values.
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Figure 4.10: Contour plot of the mean free segment length for round bonding point patterns
with different distances between the bonding points in MD and CD, showing an
increase of free segment length with increased distance between the points and
constant free segment length for constant bonding points sizes (e.g. at the right
bottom, in the centre and at the top left corner)
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Figure 4.11: Contour plots of the relative change in the free segment length for the differ-
ent bonding point shapes for oval (left) and inverted oval bonding points (right)
showing a decrease of free segment length for inverted and oval patterns in com-
parison to the round bonding points, whereby the decrease is stronger for the oval
patterns
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Figure 4.11 illustrates the relative change of the FSL for inverted and oval patterns,
showing that both shapes lead to a decrease of FSL for all patterns, whereby the reduction
at the oval bonding points is significantly stronger.
4.4 Fabric thickness
For the evaluation of the fabric thickness, that is the maximum thickness of the unbonded
fibres between the bonding points cross sections of the nonwovens have been analysed via
SEM and digital light microscope. Afterwards the outline trace of the fibres at the top and
at the bottom is determined manually and then the maximum vertical distance between
both lines is determined (see figure 4.12). The opening angle of the fibres at the bonding
point edge was also investigated, but showed very large variations without significant
differences between the samples.
Figure 4.12: Light microscopy image of the fibres between two bonding points (top) and the
black filled contour for the measurement of the thickness (bottom)
This procedure was performed for different patterns with different distances between the
bonding points and the distance between two bonding points and the resulting thickness
was compared. Figure 4.13 illustrates this relationship, showing that after a steady in-
crease the thickness reaches a saturation of about 300 µm at distances of 1900 µm and
greater between the bonding points.
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Figure 4.13: Fabric thickness in dependency of the distance between two neighbouring bonding
points showing a steady increase until a saturation is reached at a distance of
about 1900 µm and a thickness of 300 µm
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Figure 4.14: Correlation between free segment length and fabric thickness showing that both
tend to increase as the other one increases as well, due to the increase in distance
between the bonding points. The standard deviation of the free segment length
is very high compared to the granularity, which lies in the range of 4-40 µm.
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As the distance between the bonding points also affects the free segment length a corre-
lation between the fabric thickness and the free segment length was expected. As can be
seen in figure 4.14 there actually is a trend towards increasing free segment length with
increasing fabric thickness because both are affected by the distance between two neigh-
bouring bonding points. Again the large standard deviation of the free segment length
is rather an artefact due to the large span of segment lengths while the granularity gives
numbers well below 50 µm.
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Figure 4.15: Contour plot showing the optically measured thickness (average of round, oval
and inverted) in dependency of the bonding point distances in MD and CD giving
the lowest thicknesses for small distances in MD, although this might be caused
by the cutting preparation, due to the shorter distances between bonding points
in MD compared to CD in general
Figure 4.15 shows the average effect of the spacing between the bonding points and thus
the size of the bonding points with constant bonding area, showing the higher thickness
values for greater distances between the bonding points. The greater influence of the
distance in MD can be attributed to the smaller initial distances between the bonding
points in MD, since here the distances become so small at 0.5 times the distance that there
is hardly any opening of the nonwoven between the bonding points. However, this also
shows the drawback of the method used here, namely that the measured thickness also
depends strongly on the direction in which the nonwovens were cut. However, since not
all possible directions can be investigated, only a maximum and minimum thickness can
be determined. An alternative measuring method which also determines the thickness of
the nonwoven fabric when subjected to different pressures was therefore developed. This
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method is described in more detail in chapter 5.5.
4.5 IR-Spectroscopy to determine the crystallinity
The FTIR measurements were all performed in ATR mode using a Nicolet 6700 FTIR
spectrometer at a temperature of 23 °C using a diamond crystal with an angle of 42°. The
spectra were recorded for wave numbers from 700 to 1500 cm-1 as the relevant peaks that
were used to determine the crystallinity are located at 974 cm-1 and 998 cm-1. Thereby
the size of the peak at 974 cm-1 h974 is proportional to the penetration depth whereas the
peak height at 998 cm-1 h998 is a measure for the crystallinity. Thus the crystallinity XC
can be determined using the equation
XC = (61.4 + 1.1)% · h998
h974
(4.6)
Thereby the surface crystallinity of the samples could be determined in different areas
and after different processing steps. All spectra were recorded using a diamond crystal
resulting in an effective penetration depth at the relevant wave lengths of 2.55 µm. Thus
the crystallinities given below are all surface crystallinities. For an in depth description
and discussion of the method used see the work of Lanyi et al. 2018 [114].
Table 4.1: Crystallinities of bonding points and fibres for different patterns and for large bond-
ing points and fibres only
Sample Crystallinity in %
Large BP-centre 50.20 ± 0.75
Large BP-edge 50.09 ± 0.61
R-2-2-BP + edge 48.61 ± 1.10
R-0.5-0.5-BP in centre 47.50 ± 0.72
R-0.5-0.5-fibre in centre 47.21 ± 0.74
R-1-1-BP in centre 47.20 ± 0.93
R-2-2-fibre in centre 46.59 ± 1.63
R-1-1-fibre in centre 46.58 ± 1.01
Large BP-4 mm from BP 45.43 ± 0.39
Large BP-10 mm from BP 44.23 ± 0.47
Unbonded fibres 37.03 ± 0.31
The crystallinity was determined on samples with large single bonding points which were
much bigger than the area of a single measurement which is a round area with a diameter
in the range of 1 - 2 µm as well as on samples with round bonding points (R0505, R11
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and R22). On the samples with a single large bonding point (15 mm · 15 mm) the
crystallinity was measured at the centre of the bonding point, near the edge of it and at a
distance of 4 mm to the bonding point. For the various patterns measurements were taken
with a bonding point in the centre of the measurement area and with the point furthest
away from any bonding points in the centre, whereby the measuring area was so large,
especially for the samples with a small distance between the bonding points and thus
small bonding points, that both bonding points and the fibres in between were measured
during one measurement. In addition, unbonded fibres were also analysed, which were
not calendered at all in order to investigate to what extent the crystallinity changes in the
fibres between the bonding points solely by the heat conduction in the nonwoven and the
time the fibres have been inside the hot calender. As shown in table 4.1 and figure 4.16
the crystallinity in the bonding point itself reaches values of 50.20 ± 0.75 % while it
decreases to 45.43 ± 0.39 % for areas far away from bonding points and 37.03 ± 0.31 %
for unbonded fibres. Hereby it is important to note, that the samples measured here were
bonded in a press and thus were longer in the vicinity of the hot plates, than it is the
base in a calender, and especially longer than in industrial processes with line speeds of
more than 900 m/min. Thus the increase in crystallinity of the fibres around the bonding
point is much lower in commercially available nonwovens than in this study.
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Figure 4.16: Crystallinity as determined by ATR-FTIR for bonding points, bonded and un-
bonded fibres, as well as for different patterns. The highest crystallinities are
measured for bonding points, decreasing with decreasing bonding point content
in the measurement area towards fibres of bonded samples. The crystallinity of
unbonded fibres is even lower by more than 6 %.
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With the different patterns, it can be seen that the higher crystallinities are measured
at the large bonding points and thus fewer unbound fibres in the measuring area than
at small bonding points, whereas for fibres the measured crystallinity decreases with, the
lower the proportion of bonding points in the measuring area gets. In addition, it can
be seen that an increased distance to the next bonding point also causes the crystallinity
to drop further, whereby a saturation value is reached at a distance of 4 mm at the
latest. The values measured here are of course only valid for the parameters used in this
study (polymer, draw ratio, calender temperature, calender pressure, residence time in
the calender etc.).
It should be noted that the extent of the changes in crystallinity due to calendering
also depends on the selected polymer or its molar mass, since polymers of higher molar
mass usually have intrinsically higher crystallinities and therefore calendering causes less
post-crystallisation.
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5 Mechanical testing methods
The following chapter describes the used testing methods and, if possible, its derivation
from existing testing methods and the reasons for the development of the new methods.
All mechanical tests were performed a week or more after the production of the samples
to avoid any overlapping effect due to recrystallisation, which usually happens during the
first seven days [114]. Before the Weibull-analysis is described which will be used as a
tool for evaluating different results and its reliability.
5.1 Weibull
Due to its variation in local basis weight and fibre orientation nonwovens tear or fail at
very different maximum stresses. Therefore it is not practicable to specify only one single
strength value as material parameter. Rather, it makes sense to use a statistical distri-
bution function to describe the failure range of the material.
A common method for describing the distribution of strength values, especially in brittle
materials, is the Weibull distribution [115]. However, the Weibull distribution is also used
for textile materials such as cotton fibres or cotton fabrics [116].
This distribution is based on the "weakest-link hypothesis", which assumes that the weak-
est point, e.g. a local area with low basis weight in the material determines the strength.
The material fails as soon as the critical stress for the weakest link is exceeded. To eval-
uate this distribution equation 5.1 can be used, whereby P is the probability that the
material will fail at the F force per width, F0 is the force per width at which 63.2 % of
the samples will fail, and m is the Weibull modulus. Usually stresses are used instead
of forces, but in nonwovens as a ’two-dimensional’ material usually forces per width are
analysed.
P = 1− exp−
(
σ
σ0
)m
(5.1)
The Weibull modulus m is thus a measure of the distribution width. The larger m be-
comes, the narrower the range of forces will be in which the material failure occurs. In an
ideal material the failure always occurs at the same force value and the Weibull modulus
would be infinite.
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By rearranging equation 5.1, the relationship between the probability of fracture P and
the breaking force F can also be linearised
ln
[
ln
( 1
1− P
)]
= m · lnF0 (5.2)
The depiction of ln
[
ln
(
1
1−P
)]
over lnF0 results in a linear relationship with the Weibull
module m as slope. [116] To evaluate the values of a sample all values are sorted by size
and then each value is assigned a corresponding failure probability according to the order
from small to large. As the number of tests per sample in this study usually lies in the
range of 15 - 20 according to Bergmann equation 5.3 should be used to determine the
probability of failure of the i-th sample Pi.
Pi =
i− 3/8
n+ 1/4 (5.3)
Thereby the characteristic values of F0 and m can be determined for every sample, al-
though it shall be noted, that by using the Weibull-analysis not only strength values can
be analysed, but also strains, moduli or many other specific measures to determine the
corresponding ’X0’. To compare the performance of different samples the m-F0-chart ac-
cording to Lanyi et al. 2016 will be used. Therefore the m-values are plotted over X0 and
whereas a large value on the x-axis corresponds to a high value of the measure, a position
far up on the y-axis corresponds to a large reliability. Thus this chart enables the viewer
to compare performance and reliability of different samples in a single chart. [117]
5.2 Elongation and breaking mechanism
For the assessment of small-scale effects during the elongation of nonwovens, various
specimens were analysed before as well as during stretching and in the broken state after
failure. Therefore images were made of nonwovens and fibres (unbonded and bonded with
different flank angles) before, during and after tensile tests, images after clamping and
during different stages of tear tests to evaluate the reorientation of the fibres. During
tear tests videos of the samples were made to evaluate the tear propagation in order to
guarantee a test method, which ensures a propagation of the tear in the desired direction.
5.3 Tensile behaviour
Generally all tensile tests, as well as the tear tests, were performed with a Zwick / Z050
standard tensile testing machine with a pre force of 0.1 N, a 1 kN load cell and a testing
speed of 100 mm/min until the failure of the material occurred (drop to less than 30 %
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of the maximum Force). The evaluated data have been the maximum force Fmax, the
strain at maximum force ε(Fmax) and the Young’s modulus E as shown in figure 5.1. The
Young’s modulus here was determined by determining the increase in force per strain
between strains of 0.1 % and 0.2 % as there is a small area of positive curvature for strains
below 0.1 % due to the reorientation of the curled fibre segments. As for nonwovens and
other fibrous materials the thickness varies significantly due to its cloudiness it is common
to determine strength and Young’s modulus not in force per area, but in force per widths.
Furthermore, to reduce the effect of basis weight variations onto the results, the values of
the maximum force and of the Young’s modulus have been divided by the basis weight of
the sample in this study giving results with N/cm/(g/m2) as a unit. Therefore all samples
have been weighed and the length and width have been measured to determine the basis
weight.
Figure 5.1: Exemplary force strain curve with the measured values maximum Force (Fmax),
strain at maximum force ε(Fmax) and Young’s modulus shown in red
Samples with the varied round oval and inverted oval patterns, as well as the samples with
varying bonding point fraction have been analysed in MD and CD using samples with the
size of 80 mm · 30 mm and a clamping length of 60 mm. Based on the preliminary tests
and the measured standard deviation, the number of necessary tests (15) was determined
according to the equation 4.4. The tests for different bonding flank angles and different
distances (1 mm, 2mm, 5mm and 10 mm) between the large bonding points, as well as
tests with bonding points or fibres only have been performed with a width of 15 mm
and a clamping length of 15 mm. The used flank angles were 90◦, 60◦, 45◦ and 30◦ as
well as a rounded transition between flank and bonding point with a radius of 2 mm (see
figure 5.2). The normal forces have been adjusted according to the varying size of the
bonding surfaces with different flank angles.
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Figure 5.2: CAD illustration (left) and side view of the bonding point tools with different flank
angles of (from left to right) 30◦, 45◦, 60◦ and 90◦ as well as a round transition
with a radius of 2 mm
Usually and according to most testing standards samples of 200 mm length and 100 mm
width should be tested, but these dimensions could not be produced with the described
manufacturing process of the samples (maximum possible pressing area of 270 mm2).
Therefore the effect of the sample size has been analysed as described in chapter 5.3.1
and the size of the samples was kept at 80 mm · 30 mm as described before. The influence
of the testing speed and the direction of the tensile tests in dependency of the orientation
distribution function has been analysed before [118] and thus the speed was kept constant
at 100 mm/min in this study, while the directions were limited to MD and CD.
5.3.1 Effect of the sample size on the tensile properties
Table 5.1: Dimensions, directions and basis weights of the tested samples to evaluate the in-
fluence of the sample size onto the tensile properties
Length in mm Width in mm Direction Basis weight in g/m2
10, 20, 50, 100 10, 20, 50, 70 MD, CD 15, 25
200 10, 20, 50, 70 MD 15, 25
In order to investigate the influence of geometries on the tensile properties, tensile tests
were also carried out with tensile specimens of different lengths and widths on 15 g/m2
nonwovens produced on a REICOFIL 4 production line. The used dimensions are shown
in table 5.1. As in the tensile tests described before, here also the maximum force, the
strain at maximum force and the Young’s modulus have been determined.
The results show an effect of the geometry on the tensile strength in a way that with in-
creasing length the strength decreases until a plateau value is reached, while the variation
decreases. This can be explained by the weakest link theory stating, that the weakest
part in the specimen determines the strength [115, 116, 119, 120]. Thus with increasing
length the probability of a weak area increases until eventually from a certain length on
statistically one of the weakest parts of the nonwoven should be inside the sample and
thus the strength does not decrease any further. On the other hand for an increase in
width it can be seen that the variation decreases as soon as the specimens are broader
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than the usual size of weak areas in a nonwoven due to its cloudiness (in this case about
50-60 mm). With increasing width, the fibres can also absorb loads around areas adjacent
to weak spots and thus lead to an overall increase in tensile strength.
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Figure 5.3: Maximum force for the samples in MD (left) and CD (right) for different lengths
and widths. The data show a decrease of the maximum force with increasing
length, although a saturation seems to be reached for higher lengths. Generally
the thinner samples how a lower strength and a higher variation than the wider
ones.
According to Peirce, the length-dependent strength can be determined by equation 5.4,
whereby Fl is the strength of a specimen with the length l, Fnl is the strength with a length
of n times length l and σl is the standard deviation of the strength at the length l [119].
Figure 5.4 shows that this equation describes the data in MD accurately by using the mean
and standard deviation at a length of 10 mm, whereas the data in CD show significant
variation from the prediction, although the general trend is still correct.
Fl − Fnl = 4.2(l − n0.2)σl (5.4)
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Figure 5.4: Double logarithmic plot of the maximum force over the length in MD (left) and CD
(right) for different widths and fits according to equation 5.4 showing an accurate
description of the data in MD and only a correct trend in CD
The figures for the Young’s modulus and the strain at maximum force can be found in
appendix C.
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Figure 5.5: m-F0 chart of the maximum force values, showing that the samples in MD reach
higher forces than the ones in CD. Furthermore, generally the samples with a small
width show a higher variation and lower maximum force values. The highest m-
values are usually obtained with samples tested in MD and with high values of
width and length as the influence of cloudiness for larger samples.
For the comparison of the different shapes a m-F0 chart (figure 5.5) according to Lanyi
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et al. 2016 was created by performing a Weibull-analysis as described in chapter 5.1 of
the strength data and plotting the m value over the F0 value for every set of samples.
Thus a m-F0 chart was created where it can be seen which samples show high strength
values (further to the right) and high degrees of reliability or a small variation (further to
the top of the chart). Again it can be seen that the MD strength is much higher than the
CD strength and also the reliability is higher in MD, especially for samples with a high
length and thus a high probability of having a weak spot already.
Generally it can be seen that the length of 60 mm used for the must tensile tests in
this study lead to a slight increase in maximum force, while the small width of 30 mm
reduces the maximum force compared to the strength with a width of 100 mm that is
recommended in the test standard. Thus it can be assumed, that all effects shown in
this study are caused by the changes in material properties rather than by the shape
itself, although the reliabilities are slightly reduced compared to those obtained using the
standard geometry.
5.3.2 Influence of the basis weight onto tensile strength
As mentioned in chapter 2.5, the strength of nonwovens is a function of the calendering
settings and fibre strength as well as of the basis weight.
To determine the influence of the basis weight, sets of samples with four different ba-
sis weights between 12 and 31 g/m2 were produced using constant fibre properties and
calendering with a line pressure of 83 N/mm and temperatures of 140 °C for the upper
and 125 °C for the lower roll. In order to determine the exact relationship between basis
weight and tensile strength Fmax, it was presumed that the strength of nonwovens consists
of two components as described above. The basis weight BW thereby appears as a factor
with a possible exponent n in front of a function f(p,T,fibre) which cannot be determined
here in detail and which contains the influence of the bonding and the individual fibres
(see equation 5.5). This part is considered as constant in the examined case.
Fmax = BW n · f(p, T, fibre) (5.5)
For easy handling of the exponent n, this equation is logarithmised to obtain a linear
equation (equation 5.6).
ln(Fmax) = n · ln(BW ) + ln(f(p, T, fibre)) (5.6)
Describing the available data in this way results in the curve shown in figure 5.6, where
n = 0.987 ± 0.073 and ln(f(p,T,fibre)) = -1.149 ± 0.231. So it turns out that in a close
approximation n ≈ 1.
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Under constant calendering conditions, the linear relationship for very low and very high
basis weights is not exactly given, which is due to over-bonding, i.e. too strong bonding
at low basis weights, and under-bonding, i.e. too little pressure and temperature to fully
bond all fibres at very high basis weights. However, since the samples produced for further
analyses are all in the range examined here and n is approximately 1 for this range, the
strength values are divided by the basis weight (without further exponents) in the results
section in order to reduce the influence of the basis weight on the measurements.
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Figure 5.6: Logarithm of the maximum force over the logarithm of the basis weight for different
basis weights between 12 and 31 g/m2 with a linear fit according to equation 5.6
with a slope of nearly one proving a linear behaviour for the investigated range.
5.3.3 Single fibre tensile tests
In order to assess the influence of the individual fibres on the strength of the nonwovens
and to determine the damage of individual fibres by calendering, tensile tests were carried
out on single fibres. These were loaded with a 100 mg pre-weight and then stretched
to tear with the Vibrodyn 400 single fibre tensile test (Lenzing Instruments) at a speed
of 10 mm/min and the required tensile force was determined to evaluate the Young’s
modulus, the stress at break and the elongation at maximum force, which in the case
of the single fibres was the same as the breaking elongation. The tests were performed
on single fibres produced with air pressures of 0.5, 1.5 and 2.5 bar giving diameters
of 25.31± 1.13µm, 16.91± 0.89µm and 14.93± 0.64 µm or maximum fibre velocities of
968.9 m/min, 2170 m/min and 2785 m/min.
Apart from the neat fibres tests were also made on fibres stretched with 1.5 bar which
were pressed under bonding points with flank angles of 90°, 60°, 45° and 30°, whereby the
transition between bonded and unbonded fibre was positioned no further than 1 mm from
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the upper clamp. Additionally fibres which were bonded on the complete tested length as
well as fibres which were next to bonding points but not calendered itself were examined
to investigate the influence of bonded area, transition area and the bonding process itself
onto the strength of the fibres. Due to the complex sample preparation, only five samples
of the specimens with different flank angles were tested per setting, whereas otherwise all
samples were tested on ten fibres each, thus the results for the flank angles give only a
tendency.
5.4 Tear strength
Various test standards and associated geometries are available for testing the tear re-
sistance of nonwovens. The most common methods are leg extension tests on "trouser-
shaped" specimens and trapezoidal specimen shapes with a defined incision, both of which
are tested on tensile testing machines. In addition, there is the Elmendorf tear test, which
was not available for this study. In order to find the most reliable test method, tests were
first carried out on industrially produced nonwovens with basis weights of 15 g/m2 and
25 g/m2. However, it turned out that the leg extension test is not practicable for spunbond
nonwovens, since the samples fail inside the legs and not at the incision and therefore only
the tensile strength and not the further tear strength can be measured.
Figure 5.7: Shapes for the tear resistance test according to DIN 53859-5 [121] (top) and the
adapted geometry used in this study with a higher increase of stress at the tip due
to a wider angle and a shorter clamping length (bottom)
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Even with the standard geometry according to DIN 53859-5, no reliable crack growth
could be caused, especially with specimens with cracks in CD as the high numbers of
fibres perpendicular to the tear prevented its growth and lead to deviations of up to 80°
in the direction of the tear propagation. Therefore, the geometry as shown in figure 5.7
was adjusted to achieve a higher stress increase at the tip of the crack. With this geometry
based on DIN 53859-5, the tear propagation tests were then carried out with a tensile
speed of 100 mm/min, a clamping length of 7 mm and a preload of 0.1 N. The tear strength
is then defined according to DIN 53859-5 as the maximum force during the test. [121] The
direction (e.g. MD or CD) which are later shown in the results are the direction of the
crack growth. So when a sample was tested with tension in CD to achieve a growth of
the crack in MD it is a measurement of the MD tear strength.
Figure 5.8: Sequence of photos of a clamped sample before testing (1) and during different
stages of the test until failure (2-6) according to the new testing shape for the tear
strength
An example of a clamped and tested specimen is shown in figure 5.8, where the clamping
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span of 25 mm shown in figure 5.7 must also be maintained exactly, as both shorter and
longer lengths produce a less reliable test result. Due to the larger clamping angle and
the shorter length between crack and clamping, a more direct load on the crack tip is
achieved, since the angle reduces the maximally stretched zone and the short clamping
length prevents the load from being distributed to surrounding areas. The new geometry
therefore allows a significantly greater stress increase at the tip of the crack, so that a
crack growth can be achieved here, as described in chapter 2.5, by the tension on thin
fibre bundles.
5.5 Friction behaviour
The coefficient of friction (CoF) is defined as the ratio between the forces occurring when
two surfaces move in relation to each other. It serves as a guide for predicting the energy
required to move one material relative to another. A distinction is made between the
static coefficient of friction µs and the dynamic or kinetic coefficient of friction µk. The
static friction coefficient µs describes the static friction at the beginning of a movement.
µs =
FH
FN
(5.7)
FH is the holding force that has to be overcome, so motion can begin, while a the normal
force FN, which acts perpendicular to the respective substrate, is applied. The dynamic
friction coefficient µD is defined as the sliding friction during a continuous movement.
µD =
FD
FN
(5.8)
Thereby FD stands for the dynamic frictional force, i.e. the force that is required to
maintain the relative motion of one body to another.
Usually and according to the test standards DIN EN ISO 8295 (for polymer foils) or
DIN EN 14882 (for coated textiles) the coefficient of friction is determined by sliding a
sled with the substrate over a flat plate with the substrate using a tensile testing machine
and a deflection pulley [122, 123]. Due to the limited size of the produced samples such
a testing method could not be used in this study. Therefore a method, similar to that
described by Lima et al. 2006 [108] was used. Therefore a geometry as shown in figure 5.9
with an inner radius Ri of 10 mm and an outer radius Ro of 12.5 mm with a speed of
0.148 rad/s (corresponds to a speed of 100 mm/min at the centre line) and a normal force
of 2 ± 0.2 N.
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Figure 5.9: CAD-illustration of the CoF sample holder with sample plus screw and black seal-
ing ring for fixation (left) and sketch of the setup with illustration of the inner
radius Ri and the outer radius Ro (right)
In order to obtain very detailed results, all tests were performed in a DHR3 rheometer (TA
instruments) with two sample holders covered with a nonwoven as shown in figure 5.9,
one for the top and one for the bottom to measure the friction between two nonwovens,
as the results are more reliable when textiles are tested against themselves compared to
tests against other surfaces [124]. To prevent any movement of the samples and to ensure,
that the contact area is limited to the outer ring, the samples are clamped by an O-ring
or seal ring 25 mm x 3.5 mm at the outer part of the sample holder and in the centre by
a small screw. Therefore a small hole is cut into the centre of the sample. Furthermore,
it turned out that the variation of the friction data is very high, when there is no support
material between the metallic sample holder and the nonwoven sample. Therefore silicon
pads with different thicknesses and different foam materials were tested to check, which
material gives the highest signal to noise ratios during the measurements. The structure
of all tested materials material was fine enough to prevent any possible falsification of the
measurements. It was shown that a polyetherurethane foam with a thickness of 3 ± 1 mm,
density of 30 ± 3 kg/m3 and a compression hardness of 5.8 ± 0.8 kPa, usually used as
support for Martindale abrasion tests, gave the best results and was thus used for the
further testing. The support was also shaped round with an outer diameter of 26 mm and
a hole in the centre for the screw fixing the position of the sample and the support pad.
For the tests the samples are clamped onto the sample holders as described before. The
two samples are then brought into contact by the rheometer and a normal force of 2 N
(11.32 kPa) is applied, whereupon the rotation is started and carried out for 200 s at a
constant speed of 0.188 rad/s (2.11 mm/s) while the normal force is regulated to 2 ± 0.2 N.
5 Mechanical testing methods 59
Both force and speed were chosen in a way, that slight variations have the least possible
impact onto the results, i.e. the influence of both was evaluated and against Amontons’
laws of friction both do have an influence onto the coefficient of friction and both show
a minimum which were used as setting. Both the current exact value of the normal force
and the required torque are measured throughout the whole test, whereby the coefficient
of friction can be determined using the equation 5.9 and the resulting equation 5.10.
Since very large variations still occur in the start-up phase due to the reorientation of
fibre structures, the average value from a measurement time of 40 s until the end of
the measurement after 200 s is taken for the measurement of the dynamic coefficient of
friction.
M = 23 · µD · FN ·
R3o −R3i
R2o −R2i
(5.9)
µD =
3 ·M
2 · FN ·
R2o −R2i
R3o −R3i
(5.10)
This method allows to measure the dynamic coefficient of friction on large or small sample
areas (depending on the size of the geometry) as well as short or long time measurements,
which would not be possible with the classic setup, using a tensile testing machine. To
prove the reliability a comparison of both measurements with the same resulting normal
pressure was performed on commercially produced nonwovens, showing a high consistency
of the two methods with slightly lower values for the rotation method, especially for higher
basis weights (figure 5.10).
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Figure 5.10: Exemplary curves of the coefficient of friction measurements with the tensile
testing machine and the rheometer (left) and the results for different basis weights
using both testing methods (right). Both graphs show that both measurement
methods provide the same measured values in the range of the error.
To evaluate the compression of the nonwovens during the tests and the influence of the
pressure on the test results, tests were carried out with different pressures and with
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linearly varying plate spacing. Firstly, nonwovens were tested with 15 and 25 g/m2 at
normal forces of 0.15 N, 0.5 N, 1 N, 2 N, 4 N and 8 N, which corresponds to pressures
of 0.849 kPa, 2.83 kPa, 5.66 kPa, 11.32 kPa, 22.64 kPa and 45.28 kPa. This shows
the behaviour shown in figure 5.11. As the pressure increases, the coefficient of friction
continues to decrease until after a minimum it starts to increase again slightly. A reason
for the decrease of the coefficient of friction with increasing pressure might be a reduced
thickness of the nonwoven between the bonding points with increasing pressure and thus
a reduced overall roughness combined with an enforced alignment of the fibres with higher
pressures. The slight increase might be caused by an increasing interpenetration of the
two nonwovens during the experiment. A correlation as found for other textiles according
to equation 2.8 could not be found for any pressure range.
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Figure 5.11: Coefficient of friction as a function of the normal pressure for 15 g/m2 and 25 g/m2
showing the lowest values and the lowest change with varying pressure at pressures
between 11 kPa and 22 kPa (oval pattern ’O-1-1’, 16 % bonding point fraction)
To prove the hypotheses of the reduced thickness with increasing load tests were carried
out in which the two nonwovens were placed onto the sample holder without support
material and the gap between both samples was reduced with a constant speed of 5 µm/s.
Thereby the upper sample was kept under constant rotation at constant speed (0.188 rad/s
as in the coefficient of friction measurements) in order to find out a connection between
nonwoven thickness and normal force or pressure for the different nonwovens. The results
for this dynamic thickness are shown in the results section (chapter 6.4).
The long-term behaviour of nonwovens was tested exemplarily on a industrially produced
nonwoven with a basis weight of 15 g/m2 with pressures of 2.83 kPa and 11.32 kPa.
As can be seen in figure 5.12, a minimum of the coefficient of friction after times of
roughly 80 s and 210 s is obtained. This is due to the fact that the fibres continue to
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reorient themselves during the measurement in order to achieve a configuration with as
little resistance as possible. After longer periods, however, the material is damaged and
roughened by pills, as was determined by microscopic analysis of the samples after the
tests. This in turn leads to an increase in the coefficient of friction for longer periods
in time, whereby the deterioration and thus the increase in friction starts faster and is
stronger for higher normal pressures.
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Figure 5.12: Coefficient of friction as a function of the time for 15 g/m2 nonwovens with pres-
sures of 2.83 kPa and 11.32 kPa showing a lower CoF with higher pressures at
the beginning but an earlier and stronger increase due to increasing deterioration
of the nonwovens
5.6 Abrasion and pilling behaviour
The following chapter is a revised version of the paper ’Novel objective test method for the
abrasion and pilling behaviour of low basis weight spunbond polypropylene nonwovens’
published in ’Polymer Testing’ vol. 69, pp. 175-181, 2018 [97].
During use of nonwovens, abrasion or pilling can lead to a reduction in mechanical prop-
erties and a change in appearance, combined with an undesirable loss of material pills.
In distinction to staple fibre nonwovens, spunbond nonwovens are made of filaments of
infinite length and are therefore less sensitive to abrasion due to material loss. How-
ever, nonwovens have to be cut into the desired shape during the production process,
which creates fibre ends and allows for material loss due to fibre detachment. This loss
of material is not detectable with the usual standard test methods. Usually the abrasion
behaviour of textiles is determined using a Martindale abrasion tester according to the
standard methods ASTM D4966-12(2016), either by analysis of fibre damage, change of
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appearance or mass loss [125], ISO 12947-2:2016 and EDANA: NWSP 020.5.R0 (15) both
determining an optical change in appearance [126,127] and ISO 12947- 3:1998/Cor.1:2002
measuring a loss of mass of the samples [128].
To determine the pilling behaviour, the international standard test method DIN EN ISO
12945-2 refers to the Martindale test method [129], DIN EN ISO 12945-1 and DIN EN
ISO 12945-3 make use of of a pilling box and the random tumble pilling method [130,131].
Those three methods have in common that they are based on a subjective evaluation of
the samples by a testing person and are thus not as reliable and objective as would be
desirable [132]. In addition to the often observed individual pills, the thread formation of
detached fibres can often be seen in spunbond nonwovens, and the existing methods for
evaluating pilling are not able to detect these threads correctly. Several attempts have
been made to evaluate the pilling behaviour of other fabrics [88–92, 133], but they are
all unsuitable for low basis weight nonwovens, either because they cannot be applied to
nonwovens with significant variations in relative basis weight and the associated varia-
tions in brightness, or because they only detect individual pills but no threads of detached
fibres. Even though approaches have been published for nonwovens [93–96], because of
their low resolution all of them are neither suitable for the detection of small pills nor
only for nonwovens with low basis weights as their algorithm for pill detection needs a
more homogeneous nonwoven which is not given for low basis weights with large relative
variations. A detailed summary of the existing methods is given by Furferi et al. [134].
The literature states that the Martindale test method can also be used to assess the
abrasion resistance of nonwovens, but this has only been reported for staple fibre materi-
als [98,100,127]. After all, most of these methods require quite complex test setups with
software specially developed for this purpose. Thus the aim was to design a suitable test
method for low basis weight nonwovens using existing assemblies and software, which can
be used in most testing laboratories or universities.
In this thesis the abrasion tests all were performed on a M235 SDL Atlas Martindale
abrasion tester with round nonwoven samples, having a diameter of 38.0+0.5−0.0 mm. A
polyetherurethane foam with a thickness of 3 ± 1 mm, a density of 30 ± 3 kg/m3 and a
compression hardness of 5.8 ± 0.8 kPa was clamped below the sample in the specimen
holder as support material. The abradants used were polydimethylsiloxane (PDMS) sili-
cone rubber mats of a Shore A hardness of 60 and a thickness of 1 mm for the evaluation
of the abrasion in contact with human skin, as silicone rubber has a similar coefficient of
friction as the human skin [135]. It is important to note, that the thickness of this PDMS
abradant needs to be kept constant with less than 10 % variation as otherwise the results
will be falsified significantly. A circular piece of wool felt with a diameter of 140+5−0 mm,
a basis weight of 750 ± 50 g/m2 and a thickness of 2.5 ± 0.5 mm was placed below the
abradant on the abrasion tables as a support material. For the tests, the samples were
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mounted on freely rotating sample holders, which can be loaded with a specific weight
to increase the pressure. Below these, the abradants were placed on the abrasive mount-
ing after being cleaned with isopropanol to prevent any dust from influencing the result.
In order to achieve a homogeneous movement into all directions the samples were then
moved over the abradant in a way that they travel along a continuous Lissajous figure,
with a complete Lissajous figure taking 16 revolutions (see figure 5.13). The system runs
with four samples on four abradants simultaneously for a pre set number of rotations.
Figure 5.13: Scheme of the used Lissajous figure with 16 rotations needed for one figure
In order to determine a suitable method to evaluate the abrasion and pilling behaviour of
spunbond nonwovens again commercially available polypropylene nonwovens with basis
weights of 15 g/m2 and 25 g/m2, bonding areas of 16 % and average fibre diameters of
12.98 ± 0.84 µm have been used.
As this seemed to be the most reliable method, at first the abrasion has been determined
by measuring the loss of mass according to ISO 12947-3 [128]. Thereby the mass of the
nonwoven samples was determined after 100, 250, 500, 750, 1000, 1500 and 2000 rotations
or until the samples were destroyed. These experiments were performed at pressures of
3 kPa, 9 kPa and 12 kPa. Apart from these tests with PDMS abradants, also tests against
steel to evaluate the abrasion in contact with hard materials has been evaluated but this
method has not been used any further in this study. For more information on this see
Leucker et al. 2018 [97].
As shown in figure 5.14 only negative losses of mass were measured, i. e. an increase in
mass. Independent of the used basis weights, pressures or speeds, none of the measure-
ments showed a positive loss of mass. As can be seen in figure 5.15, an exemplary SEM
image of a pill, there is some kind of foreign material inside the nonwoven fibres, which
led to the increase in mass during the tests. With an increasing number of rotations, and
thus increasing size of pills, the material uptake increased as well.
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Figure 5.14: Loss of mass for nonwovens with 15 g/m2 and 25 g/m2 and pressures of 3 kPa
for up to 4000 rotations, both showing an increase in mass instead of a loss of
mass [97]
Figure 5.15: SEM image of a pill on the nonwoven’s surface after testing showing foreign PDMS
particles accumulated in the inside of the pill [97]
In order to verify the origin of the increase in mass, the pure polypropylene nonwoven,
pure PDMS abradants and three pills were analysed using using attenuated total reflection
Fourier transformed infrared (ATR-FTIR) spectroscopy using a diamond crystal with
an angle of 42° on a Thermo Scientific iS5 ATR-FTIR spectrometer in the range of
550-4000 cm-1, as shown in Figure 5.16. It is shown that all tested pills show large
peaks at 1000-1100 cm-1 (Si-O-Si asymmetric stretch) and at 1255-1265 cm-1 (Si–CH3
deformation), both being characteristic for the PDMS [136]. These peaks are also visible
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in the pure PDMS, but not in the polypropylene nonwovens. Thereby it was proven that
the increase in mass is mainly due to a take up of PDMS particles from the abradant into
the pills which form on the nonwoven surface during the abrasion tests.
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Figure 5.16: Data from the ATR-FTIR measurements with the spectra of PP (3x), PDMS
(3x) and three different pills, showing the characteristic PDMS peaks at 1000-
1100 cm-1 and 1255-1265 cm-1 in all three pills [97]
So it was shown, that the loss of mass is not suitable for the determination of the abrasion
of spunbond nonwovens and thus an optical evaluation of the specimen breakdown was
used instead. The determination of the specimen breakdown by noting the number of
rotations until an optical feature (pills or threads) is visible, as suggested by ISO 12947-
2 [126] did not lead to reliable results as well [97]. Therefore an objective automated
image analysis was developed.
In this new test method the samples are tested against PDMS abradants as described
before and after certain intervals the samples are scanned with a flatbed scanner (HP
Scanjet 5590) with the tested side towards the detector and with a black featureless
material, e.g. black rubber, as a background material. The scanner is set in a way,
that grey scale images with a resolution of 2400 dpi (dots per inch) are generated. To
calibrate the image analysis, an untested nonwoven has to be scanned at first. Thereby
contrast and brightness are set in such a way that no more than 0.00001 % of the untested
nonwovens show grey values at the minimum or maximum possible grey value, i. e. a
value of 0 for completely black or 255 for completely white pixels to prevent any possible
overexposure or underexposure of the image. The greyscale image (figure 5.17 a) is then
binarised (figure 5.17 b) by converting all greyscale values above a certain threshold to
white and all values below the threshold to black pixels. To get a rough approximation
for suitable threshold values, the threshold can be set in such a way that 0.03-0.30 % of
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the untested nonwoven area show grey values above the threshold. For the tested 15 g/m2
nonwoven, this results in a threshold grey value of 184 and for the 25 g/m2 nonwoven in a
grey value of 194. The production processes result in a considerable variation of the local
basis weights for nonwovens with a low basis weight and thus in small areas with very
high or low basis weights [137], so that small spots with a very high local basis weight
and thus high grey values can occur again and again in a scanned image. These should
of course not be accidentally recognized as pills. This is prevented by the fact that only
connected areas in the scan that are larger than the previously described small spots with
a very high basis weight are identified as pills. With the nonwovens used here, the size
of these patches is in the range of up to 0.34 mm2. For this reason, only the area of all
single white spots larger than 0.34 mm2 (here 300 pixels) in the test area is added up to
determine the total pill area (figure 5.17 c). This size may vary for other nonwovens due
to different fibre diameters or variation in basis weight, although the correct definition
of the threshold value described above should reduce the differences. With high basis
weights of more than 50 g/m2, the generally high basis weight and the associated high
grey values can lead to problems in pill detection, so that this method is limited to the
use of nonwovens with a low basis weight of less than 40 g/m2. Figure 5.17 illustrates
the steps from the grey scale image a) through the binary image b) to the captured pills
in the test area c). An example of a script that works with the freely available program
ImageJ [138] is shown in appendix D.
Figure 5.17: Grey scale image of the scanned nonwoven a), the binarised image b) and all
detected pills c). The bright patches in the neat nonwoven are removed for the
pill area measurements. [97]
Reducing the resolution of the scan to 1200 dpi does not show any significant changes in
the results, while a reduction to 600 dpi results in a slightly smaller detected pill area,
which could be compensated by a different threshold but is not recommended, because
lower resolutions also result in a worse detection of small pills and thus in a loss of accuracy
of the measured areas. A comparison with other scanners (HP ScanJet 3970 and Canon
CanoScan 5000F) gives the same results, although the settings for contrast and brightness
in the scanning program are slightly different. To evaluate the threshold used and find
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suitable settings for the Martindale test, samples were scanned at 100, 500, 1000, 5000
and 10000 revolutions at a pressure of 3 kPa and at 5, 10, 50, 100 and 500 revolutions at
pressures of 9 kPa and 12 kPa to evaluate the threshold used and find suitable settings for
the Martindale test. These Martindale tests were performed at a speed of 47.5 revolutions
per minute (rpm). To evaluate the relationship between pilling and potential abrasion
in customer products and find the most reliable value for a threshold value, the pills
of eleven randomly selected samples were also removed after scanning with the tip of a
tailor’s scissor and the reduction in the mass of the remaining nonwoven measured. It
is important not to weigh the pills but the nonwovens as the pills may contain foreign
matter such as the PDMS abradant which would result in a high apparent loss of mass.
The results for threshold values of 164, 174, 184 and 194 are shown in figure 5.18. To
evaluate the best threshold, the correlation between the loss of mass ∆m and the detected
pill area Apill was fitted using the linear equation 5.11.
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Figure 5.18: Loss of mass as a function of the detected pill area for a 15 g/m2 nonwoven
using thresholds of 164, 174, 184 and 194 with linear fits. The lowest R2 value is
obtained for the grey value of 184, the error bars are calculated by assuming a
tolerance of 10 % for the removal process of the pills. [97]
∆m = kM · Apill (5.11)
The coefficient kM and the R2 values for the fits shown in Figure 5.18 are listed in table 5.2.
To obtain the best threshold value this data was fitted using a square polynomial function,
showing its maximum at 183.68, resulting in a grey value of 184 as a threshold for the
15 g/m2 nonwovens. For the 25 g/m2 nonwovens the best threshold would be 194.41, also
confirming the threshold grey value of 194.
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Table 5.2: Values for kM and R2-values for the linear fits according to equation 5.11 with
threshold grey values of 164, 174, 184 and 194 [97]
Threshold kM / g/mm2 R2
164 0.0589 ± 0.0022 0.9848
174 0.0923 ± 0.0026 0.9915
184 0.1379 ± 0.0035 0.9930
194 0.2809 ± 0.0097 0.9909
So the derived novel test procedure that was used for all further abrasion and pilling tests
provided in this thesis starts with the preparation of the samples and abradant according
to ASTM D4966-12(2016) [125]. The abradant is a PDMS abradant described before to
mimic the contact with the human skin. The pressure is kept at 3 kPa and a speed of
47.5. rpm and the samples are scanned after 500, 1000, 5000 and 10000 rotations (or
until destruction) to obtain an abrasion curve. The samples are scanned as a grey scale
image with the tested samples towards the detector side of the flatbed scanner with a
resolution of 2400 dpi a featureless black rubber as background material. Afterwards,
the obtained images are analysed by converting them into binary black-and-white images
and then measuring the pill area as described before. For an in depth information about
the method, its development and the influence of the testing speed, the pressure and the
ageing of the abradant see Leucker et al. 2018 [97].
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6 Analysis
The following sections show the analysis of the mechanical tests, partly with mathematical
description, while the actual modelling (viscoelastic behaviour and statistical models) is
described in chapter 7. The contour plots shown in this thesis all show a colour scaling
with the desired properties marked in green and undesired properties marked in red. So
e.g. for the tensile strength high values are marked in green, while for the coefficient of
friction or the abrasion data low values are shown in green.
6.1 Elongation and breaking mechanism
The microscopy and video analysis gave some important insights in the elongation and
breaking mechanism of the nonwovens and fibres.
During mechanical loading in one direction an increasing orientation of the fibres parallel
to the direction of loading could be observed. Thereby the relative reorientation of fibres
was significantly more pronounced for a strain in CD as in that case less fibres are oriented
parallel to the direction of load at the beginning, while the total number of fibres reoriented
in angles close to the direction of load increased more in MD, due to the higher number
of fibres oriented in similar angles. The reorientation for a loading in CD also leads to
first fibres breaking at smaller strains but due to the reorientation the main failure of the
sample occurs at larger strains. This is the case because for a test in MD many fibres fail
when their maximum strain is reached, while in CD the failure occurs after a significant
amount of reorientation combined with the strain to failure of the fibres or fibre segments.
The second effect which rather could be observed on the macro scale is that the highest
local strains followed by beginning failure of the material usually appear in areas with
lower basis weight and thus with increased stress per fibre. The increased load to which
the individual fibres are exposed in the area of low basis weight initially causes greater
elongation with beginning plastic deformation. This also leads to a rupture of the fibres,
which in turn increases the stress in the remaining fibres in the surrounding area and thus
macroscopically induces the formation of cracks. In the area of higher basis weight, the
load can be distributed over more fibres, so that these are deformed elastically and only
to a lesser extent plastically, without material failure occurring in these areas. The failure
then grows usually along areas with lower basis weight, too and it grows easier parallel to
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MD than to CD whereby large bonding points with a high length in CD usually helped
to delay the growth of the cracks. An effect which interferes with the behaviour is that
greater lateral forces prevail in the vicinity of the clamping area, so that failure preferably
occurs in areas of low basis weight near the clamping area.
A third observed effect, which is more related to the bonding, is that when the sample is
strained as shown in figure 6.1 the fibres either tear directly at the edge of the bonding
points or that they are first pulled out of the bonding points and then tear in a transition
area with a change in cross-section, i.e. at the edge of the bonded area or a section with
a change in thickness in the bonded area (see figure 6.2). The fact that both effects occur
proves, that proper bonding parameters are used as described in section 2.4.
Figure 6.1: Optical microscopy image of a bonding point without external load (left) and after
a strain of 20 % from left to right (right) showing a beginning delamination of fibre
segments from the bonding point and an increased orientation of fibres parallel to
the direction of load
Shorter distances between bonding points thereby lead to earlier delamination or earlier
fibre breakage, since the loads here can be compensated less by reorientation due to the
reduced mobility of the free fibre segments. In addition, more bonding points also lead to
an increased amount of weak points with changes in cross-section and morphology within
the fibre, so that the strength of the individual fibres is also decreased further.
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Figure 6.2: Optical microscopy image of the transition between free and bonded fibre (left)
and a variation of thickness inside of the bonded area of a torn fibre (right)
As can be seen e.g. in figure 6.3, material failure usually occurs (in more than 95 % of the
loose fibre ends examined after failure) at the transition between unbonded and bonded
fibre or within the bonding point. In the case of the fibres that are ruptured within the
bonded areas in the area of the defect, a further change in thickness due to additional
compression by fibre segments laying transverse to the fibre within the bonding point was
also observed.
Figure 6.3: Microscopic images of ruptured fibres in nonwovens showing failure at the transition
between fibre an bonding point (left) and in an area of changing thickness inside
of a fibre delaminated from a bonding point (right)
In order to clearly assign the failure mechanism to the transition and to exclude effects
that only occur in the complex stress field of a nonwoven fabric, individual fibres were
calendered and investigated as well. It was shown that the individual fibres also tear at
the transition from bonded to unbonded area, as shown in figure 6.4. It can therefore be
concluded that the transitions between bonded and unbonded area provide the weakest
links in the polymer fibres causing failure in both fibres and nonwovens.
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Figure 6.4: Microscopic images of the transition from bonded to unbonded fibre (left) and
failure of the single fibre at the transition (right) proving the findings from the
nonwovens on single fibres
6.2 Tensile strength
The figures below (figures 6.7 - 6.8) show the influence of the bonding point pattern on
the tensile properties of nonwovens. Both the tensile strength and the Young’s modulus
are divided by the weight per unit area of the respective sample to reduce the influence
of basis weight variations on the results. It is therefore assumed that both the slope of
the tensile curve at the beginning of the measurement and the maximum strength in the
relevant measuring range between 10 and 30 g/m2 increase linearly with the number of
fibres and thus with the basis weight.
6.2.1 Strain at maximum force
Figure 6.7 illustrates the effects of the pattern on the strain at maximum force for all
bonding point geometries, the average granularity of the measurements according to
equation 4.4 is 0.0016. It becomes clear that the achievable elongation at maximum
force increases with increasing distance between the bonding points, whereby above all
the distance between the bonding points in the tensile direction is relevant. This can be
explained primarily by the fact that the elasticity of the bonding points and also of the
areas near the bonding points is significantly lower than that of the fibres, further away
from the bonding points, in which the fibres can move almost completely unhindered.
Although the percentage of bonding points remains constant overall, the percentage of
areas that are close to a bonding point and thus restricted in their mobility is increased
by small, closely spaced bonding points, both in general and in the direction of traction.
This leads to a lower extensibility of the material before the first material failure occurs
and the maximum tensile force is exceeded.
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Figure 6.5: Mean values of the strain at maximum force values in CD (left) and MD (right)
for all shapes and different distances between the bonding points and a bonding
point fraction of 16 % showing a clear tendency towards higher strains with higher
distance between the bonding points, especially in direction of the test
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Figure 6.6: Box plots for the strains at maximum force for the different shapes in MD and CD
with a bonding point fraction of 16 % showing the lowest values for the inverted
patterns in CD and the highest values for the round ones in MD. Furthermore,
the variation for the inverted patterns bonding points is higher than for the round
and oval points, although the effects are very small. Granularity ∆ in this and the
following box-plots is calculated according to equation 4.4.
The direction of testing seems to have only a small influence on the elongation at max-
imum force. Different effects overlap during the tensile test in MD and CD. In CD, a
reorientation of the fibres, which in the unstretched state are preferably oriented in MD,
results in a high extensibility, while in MD the load can be distributed over more fibres
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and thus high elongations are also measured before the maximum force is reached.
The shape of the bonding points, i.e. oval, round and inverted, has no significant influ-
ence on the elongation at maximum force, as shown in figure 6.6. There are only slight
tendencies, with the inverted bonding points in CD showing the lowest values and the
round bonding points in MD showing the highest values. In addition, it can be seen
that the dispersion is generally somewhat greater for the inverted bonding points than
for the round and oval ones. The exact data and contour plots for the different shapes
and directions are shown in appendix E.
6.2.2 Young’s modulus
Due to the variation of orientation and basis weight generally the measurements of the
modulus for low basis weight nonwovens show high variations in the range of 7 % to 25 %
but in single cases going up to 39 % of the mean value, the average granularity according
to equation 4.4 is 0.147 N/cm/(g/m2). For this reason the data for the Young’s modulus
should be considered with the appropriate sense of proportion. This is also the reason
why an in depth discussion is mainly done for the maximum force, especially as both show
similar tendencies.
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Figure 6.7: Mean values of the Young’s modulus in CD (left) and MD (right) for all shapes
and different distances between the bonding points with a bonding point fraction of
16 % showing the strong influence of the preferred fibre orientation in MD onto the
stiffness of the nonwovens. Apart from that smaller distances between the bonding
points lead to a higher modulus due to the restricted mobility of the fibres in the
vicinity of the bonding points.
Figure 6.7 clearly indicates that the preferred orientation of the fibres in MD is the main
influencing factor on the Young’s modulus resulting in a much higher modulus in MD than
in CD for all patterns. Apart from that it can be seen that the modulus increases with
reduced distance between the bonding points. The lowest moduli are obtained with the
highest distances between the bonding points in at least one direction. Similar to strain
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at maximum force, this is caused by the fact that as the distance between the bonding
points increases, the areas with relatively freely movable fibres also become larger. If
the distances between the bonding points decrease, more fibres are in the vicinity of the
bonding point, so that their mobility is restricted and thus a stiffer, less elastic material
behaviour is generated.
Detailed values and contour plots for the different shapes are shown in appendix E, al-
though the variation of the bonding point shapes does not show a particular effect.
6.2.3 Maximum force
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Figure 6.8: Maximum force for the samples in MD (left) and CD (right) for different distances
between the bonding points with a bonding point fraction of 16 % showing a
strong influence of the orientation and thus higher strengths in MD. Furthermore,
it is indicated that a higher distance between the bonding points leads to higher
maximum force values as the number of transitions between bonding point and
free fibre area is decreased with less and therefore larger bonding points.
As figure 6.8 indicates and as described in many other studies the tensile strength in MD
and thus in the preferred direction of the fibre orientation is higher than in CD. Apart
from that it can be seen that the highest tensile strengths can be achieved with high
distances between the bonding points. The lowest values tend to be obtained with small
distances between the bonding points, preferably in the direction of the tensile test. One
possible explanation for this is, that the hindered movement of the fibres close to the
bonding points induces an increased complex stress system in the nonwoven. Apart from
that the edge at the edges of the bonding points the fibres itself are also weakened due to
a change in diameter and crystallinity combined. Whereas the fibres inside of a bonding
point are closely attached to other fibres and can thus distribute the load to other fibres,
this is not possible at the edges of the bonding points. It is assumed that this effect is
decisive for the tensile strength and its change with different bonding point distribution.
Therefore, this aspect is examined in more detail in chapters 6.2.7 and 6.2.4 in order
to investigate the influence of calendering on individual fibres as well as to evaluate the
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mechanical properties of bonding points, fibre regions and transition regions separately.
Apart from this large bonding points also lead to a local redistribution of the loads onto
more fibres and thus decrease the load onto the single fibres. The average granularity
according to equation 4.4 is 0.0142 N/(cm · g/m2).
Figures 6.9 and 6.10 show the influence of the different shapes onto the tensile strength of
the nonwovens in MD and CD. Both figures clearly show that, as for the Young’s modulus,
the effect of the fibre orientation is also decisive for the maximum force regardless of the
pattern shapes used, and therefore significantly higher strengths are achieved in MD than
in CD.
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Figure 6.9: Box plots for the maximum force for the different shapes in MD and CD with a
bonding point fraction of 16 % showing the drop of maximum force in CD and the
highest forces are obtained with round bonding points in MD while the lowest can
be seen for inverted bonding points in CD
The high strength for the oval ’2-2’ sample in CD (figure 6.10) is rather expected to be
an outlier due to the usual variations in the production process. In general, it can be
seen that the effects are not exactly the same for all bonding point shapes, so that only
tendencies can be discussed here. Overall, however, the results show that the highest
strengths can be achieved with round bonding points, especially for high bonding point
spacings in CD. With the oval and inverted bonding points, a certain effect of the ori-
entation of the bonding points can be seen as well. For example, the inverted bonding
points, which are more oriented towards MD, have by far the lowest strengths in CD,
especially with small bonding point spacings in CD, whereas in MD the oval bonding
points, which are more oriented towards CD, have slightly lower strengths in MD. Since
the overall strengths in CD are generally lower, inverted bonding points are less beneficial
for homogeneous material properties than round or oval bonding points. To obtain more
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homogeneous strength, modulus and strain values in MD and CD it is thus recommended
to use oval patterns with ovals oriented in CD direction.
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Figure 6.10: Maximum force in CD (left) and MD (right) for round (top), oval (centre) and
inverted (bottom) patterns with a bonding point fraction of 16 %. The lowest
maximum forces can be seen in CD for inverted bonding points with a small
spacing in CD, while the highest values are obtained for round bonding points in
MD with a high spacing of the bonding points in CD.
Overall, it can be observed that samples with a larger distance between the bonding points
generally provide higher strength values. Therefore, as explained in the following chapter,
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further patterns with round bonding points and distances of up to 13.6 mm between the
bonding points were investigated in a follow-up study.
6.2.4 Effect of bonding point fraction
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Figure 6.11: Strain at maximum force (left) and Young’s modulus (right, data as in [4]) over
the bonding point fraction. The stiffness of the bonding point material leads to
a decrease in strain at maximum force and to an almost linear increase of the
Young’s modulus with increasing bonding point fraction (dashed lines). Only for
very high bonding point fractions the strain at maximum force increases again
due to a more homogeneous load distribution in the material. The stiffness rises
sharply as well, as soon as the fibrous matrix which mainly determines the stiffness
at low strains is no longer prohibiting a direct contact of all bonding points.
The tests with bonding point percentages of 0, 8, 16, 32, 64 and 100 % show a clear
influence of the bonding point fraction onto the tensile properties of the nonwovens. As
shown in figure 6.11, the elongation at maximum force decreases markedly with increasing
bonding point fraction due to the increased proportion of bonding points, which are
significantly stiffer compared to the loose fibres. Only for very high bonding point fractions
of more than 64 % an increase occurs again. This might be due to the more homogeneous
material properties and the resulting redistribution of the load in the material, when the
whole material is bonded to a large single bonding point. For the Young’s modulus, the
increased amount of stiff bonding points which also reduces the mobility of the fibre matrix
also leads to an increase of modulus with increasing percentage of bonding points, which
is approximately linear up to a bonding point fraction of 64 %, i.e. as long as the bonding
points are still separated. For interconnected bonding points the stiffness increases much
more, as the flexible fibre matrix with a lower stiffness is no more determining the stiffness
at low strains. While the difference in strain at maximum force between MD and CD
decreases with increasing bonding point fraction such a trend can not be seen for the
Young’s modulus. There it only can be seen that the increase of stiffness with increasing
bonding point fraction is slightly more shallow in CD than in MD.
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Also for the maximum force the bonding point fraction does not show any influence
onto the differences between MD and CD (figure 6.12). In both directions there is a slight
increase in maximum force with increasing bonding point fraction, confirming the findings
of Bhat et al. 2004, which becomes much more pronounced for very small or large bonding
point fractions, while for point fractions between 8 and 64 % the increase is, if existing,
marginal [37]. The increased strength due to the higher fraction of bonding points with
a high strength is thereby superimposed by the increase in transitions between bonding
points and fibres which decrease the strength of fibres, as it will be shown in chapter 6.2.7,
too.
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Figure 6.12: Maximum force for different bonding point fractions (left, data as in [4]) with
round bonding points with an area of 0.4 mm2 (except for pure bonding points)
showing an increasing maximum force with increasing bonding point fraction with
a strong increase for very high bonding point fractions above 64 %. The increase
of strength by the increased fraction of bonding points is superimposed by the
increased number of transitions between bonding points and fibres leading to a
weakening of the material. Used bonding point distances and radius values for
the different bonding point fractions, except for pure fibres and pure bonding
points (right).
The energy absorption, calculated by multiplying the maximum strength with the strain
at maximum strength (see figure 6.13) also shows that an increase of the bonding point
fraction above 32 % without variation of the bonding point size does not result in an
increase, except for pure bonding points.
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Figure 6.13: Maximum force multiplied by the strain at maximum force for different bonding
point fractions with round bonding points showing a local maximum at a point
fraction of 8 % and a minimum at 64 %. Again the pure bonding points show by
far the highest values.
The tests with the movable bonding points show a similar behaviour as can be seen in
figure 6.14, where the increase in strength is much more uniform. This is due to the
fact that the number of transitions between bonding point and fibres is constant for the
movable patterns, while it increases with increasing bonding point fraction up to about
90 % for the round patterns, until it also drops to zero for the full bonding point. It can
already be seen here that the transitions between bonding points and free fibres have a
significant influence on the strength. These influences are examined in more detail in the
following section 6.2.7 on single fibres and with different flank angles. Mathematically the
data can be described by a simple mixing rule (equation 6.1) with φbonding as the bonding
point fraction (as fraction of 1, not in %), Fmax as the maximum force (Fmax(100 %) for
pure bonding points and Fmax(0 %) for pure fibres) and the Wtrans (0.0638 N/cm/(g/m2))
as a weakening constant for the weakening influence of the, in this case constant number
of transitions between bonded and unbonded areas for bonding point fractions other than
0 and 1.
Fmax = Fmax(0 %) + (Fmax(100 %)− Fmax(0 %)) · φbonding −Wtrans (6.1)
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Figure 6.14: Maximum force for different bonding point fractions with two large movable bond-
ing points showing an uniformly increasing maximum force with increasing bond-
ing point fraction in MD as well as in CD. Fit for a linear mixing rule with weak-
ening by transitions of bonded and unbonded areas according to equation 6.1.
6.2.5 Effect of bonding point spacing
The effect of the different spacings between the bonding points are shown in figures 6.15
and 6.16. As shown before the transition of bonding points and unbonded fibres causes
a weak spot in a fibre. Thus the very low spacings lead to an increased number of these
weak spots and a subsequent decrease of the tensile strengths.Thus the tensile strength
increases up to a maximum at a bonding point spacing of 6.8 mm (pattern 4-4) until it
decreases again. This decrease for even higher spacings is caused by a missing sharing of
the load due to the limited number of bonding points, especially in local areas of lower
basis weight. As shown in chapter 4.2 the characteristic patch size of the cloudiness is in
the range of 10 mm. Thus for bonding point patterns exceeding this distance as minimum
spacing between the bonding points a decrease in mechanical strength can be observed.
The limited size of the tensile tests samples might furthermore increase the observed
effect.
6 Analysis 82
0 . 0 1 . 7 3 . 4 6 . 8 1 0 . 2 1 3 . 6
0 . 0 0 . 4 1 . 6 6 . 4 1 4 . 4 2 5 . 6
0 . 1 0
0 . 1 5
0 . 2 0
0 . 2 5
0 . 3 0
B o n d i n g  p o i n t  s i z e  / m m ²
F ma
x /N
/cm
/(g/
m²)
B o n d i n g  p o i n t  s p a c i n g  / m m
 M D C D
0 5 1 0 1 50 . 0
0 . 5
1 . 0
1 . 5
2 . 0
2 . 5
3 . 0
r /m
m
B P  d i s t a n c e  M D  / m m
B Pi nc o n t a c t
U s e d  d i s t a n c e  a n d  r a d i u s  v a l u e s
Figure 6.15: Tensile strength as a function of the spacing between bonding points and thus
also the bonding point size with a bonding point fraction of 16 % (left, data as
in [4]) showing a maximum for bonding points with a spacing of 6.8 mm and
a size of 6.40 mm2 per bonding point. While for lower spacings the increased
number of transitions between bonding points and unbonded fibres reduces the
strength the higher spacings (above characteristic patch size of the cloudiness)
prevent an effective sharing of the loads via the bonding points, especially in the
areas of lower basis weight. Used bonding point distances and radius values for
the different bonding point fractions, except for pure fibres and pure bonding
points (right).
These findings contradict the results of Bhat et al. 2004 which, however, only covered a
limited range and are therefore of limited informative value [37]. The higher strength in
MD can be seen here as well, although the effect reduces with increasing bonding point
spacing and the associated free segment lengths allowing the fibres to reorientate before
reaching the maximum force. This reorientation subsequently leads to an increase of the
strain at maximum force with increased spacing between the bonding points, although it
is most likely to reach a plateau value at the values of the unbonded nonwovens as shown
in the following section.
The Young’s modulus E decreases almost linearly with increased spacing between the
bonding points in the investigated range, although it is likely to reach a plateau for higher
bonding point spacings in the range of the Young’s modulus of the unbonded nonwovens.
Mathematically it can be described using an exponential decay equation as shown in
equation 6.2 with E∞ being the Young’s modulus of the nonwoven without bonding
points (0.30 N/cm/(g/m2) in both MD and CD), E0 the theoretical modulus of a bonding
point spacing of 0 mm (3.41 ± 0.16 N/cm/(g/m2) in MD and 2.36 ± 0.13 N/cm/(g/m2)
in CD minus E∞) and BP0 being a global constant describing the width of the decay
(10.19 ± 0.67 mm).
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E = E0 · exp
(−BPspacing
BP0
)
+ E∞ (6.2)
It should be noted that for very large spacings in the range of half the sample size,
the effects might be overlapped by a decrease of actual bonding point fraction in some
samples, thus larger spacings have not been investigated in this study, as in that case
different superimposing effects would have made any scientific evaluation impossible.
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Figure 6.16: Strain at maximum force (left) and Young’s modulus (right, measured data as
in [4]) with fit according to equation 6.2 (right) for the different bonding point
spacings and a bonding point fraction of 16 %. The strain increases in the inves-
tigated range due to more free fibres, being able to reorientate before reaching
the maximum force, while the Young’s modulus decreases due to the effect of the
increased free fibre length. Both are most likely reaching saturation values close
to those of unbonded fabrics for even higher spacings.
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6.2.6 Alternative bonding patterns
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Figure 6.17: Maximum force for the different pattern geometries with a bonding point fraction
of 16 % showing hardly an effect for diamond or ring shaped patterns, a significant
increase in CD strength for the squared patterns and a decrease in MD strength
for the lines patterns, while the CD lines increase the CD strength a little
Apart from the variation of the pattern spacing alternative geometries of the bonding
points have been analysed as well. Figures 6.17 and 6.18 show the effect of the different
patterns. It becomes evident that diamond or ring shaped geometries hardly have an effect
at all, except for a slight decrease in strain at maximum force. The line shaped patterns
show a decreased overall strength although in CD the CD lines lead to a slight increase
as one would expect. The squared patterns however showed an increase in mechanical
strength in CD as well as in the strain at maximum force in CD, without losing strength
or strain in MD. Thus these kind of patterns with orthogonal lines might be interesting
for further studies, although the effect might be different on calenders, due to additional
shear forces, especially in lines in CD.
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Figure 6.18: Young’s modulus (left) and strain at maximum force (right) for the different
patterns with a bonding point fraction of 16 % showing only small effects for
the Young’s modulus, except for low stiffness of the lines patterns. The strain at
break also shows only small effects, with a slightly increased strain for the squared
patterns in CD.
6.2.7 Single fibre tensile tests
The single fibre tensile tests reveal information about the tensile behaviour of single fibres
for a possible prediction of the behaviour of nonwoven webs. Figure 6.19 shows the tensile
behaviour of single fibres stretched with different take-off pressures and thus different fibre
velocities resulting in a different fibre diameter as well as a different degree of orientation
of the polymer molecules inside of the fibre. It can be seen that a higher take-off pressure
or a higher take-off velocity due to the increased orientation of the molecules also causes
a higher stiffness of the fibres at the beginning of the test. A lower degree of stretching,
on the other hand, causes a lower orientation of the molecules, so that they can be re-
stretched more during the tensile tests, which leads to a higher elongation at break. The
ultimate strength increases significantly for take-off pressures of more than 0.5 bar, while
an increase in the take-off pressure above 1.5 bar does not increase the fibre strength
any further. Tensile data for nonwovens made from fibres with different diameters are
shown in appendix B, indicating a slightly different behaviour, especially for high take-off
velocities.
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Figure 6.19: Average stress strain curves of single fibres produced with take-off pressures of 0.5,
1.5 and 2.5 bar showing an increase in stiffness with increasing take-off velocities
lower maximum strength but higher strain at break for fibres drawn with a take
off pressure of 0.5 bar
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Figure 6.20: Comparison of the stress strain behaviour of fibres before calendering, as well
bonded and unbonded fibres after calendering. It can be seen that the stiffness
increases during calendering reaching the highest values for the bonded fibres,
while the calendering leads to a decrease of strength of the unbonded fibres, the
strain at break is the lowest for the bonded fibres.
As shown in chapter 4.5 the crystallinity changes significantly during the calendering not
only in the bonding points but also in the unbonded areas. Thus for the fibres produced
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with a take-off pressure of 1.5 bar which have been used for the nonwovens in this thesis
as well single fibre tensile tests were also performed on completely bonded fibres and on
fibres taken between bonding points to analyse the effect of the bonding and of the change
in crystallinity. Figure 6.20 shows that the increase in crystallinity increases the stiffness
of the fibres, whereby the bonded fibres are still stiffer than the unbonded fibres. The
ultimate strength is similar for the unbonded fibres before calendering and the calendered
fibres, while that of the fibres between the bonding points is significantly lower. Therefore
the strain at break is lower for the bonded fibres while both unbonded fibres have a similar
strain at break.
Figure 6.21 furthermore shows the effect of a transition with different flank angles onto
the tensile strength. Transitions clearly reduce the tensile strength, as they do reduce the
stiffness and the strain at break. Flank angles of 45° thereby show the best performance
compared to other transitions, whereby due to the variation only a rough trend can be
detected and flank angles between 30° and 60° seem to have a reasonable performance.
The data for strain at break and Young’s modulus, as well as the according stress strain
curves are shown in appendix F. The fact that a transition significantly reduces the tensile
strength and the elongation at break can be explained by the fact, that usually the fibres
and nonwovens break at these transitions as shown in chapter 6.1. These changes in cross
section and crystallinity create a weak spot at the perimeter of the bonding points which
later lead to material failure under load.
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Figure 6.21: Tensile strength of unbonded fibres produced with 0.5, 1.5 and 2.5 bar as well as
of unbonded and bonded fibres after calendering and with transition of bonded
and unbonded segments with different flank angles all produced with a take-off
pressure of 1.5 bar.
In addition to the findings on flank angles, it should be added that these were only tested
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here on fibres and nonwovens that are calendered in the press. With a regular calender,
further shear forces and constant changes in the relative angle to the surface of the smooth
roll occur due to the rotary motion and the roll shape, which in turn can influence the
optimum flank angle. The transferability of these results would therefore still have to be
validated in a corresponding study if necessary.
Summary: Tensile strength
Both single fibre and nonwoven testing as well as microscopy analysis revealed the weaken-
ing effect of the transitions between bonded and unbonded areas onto the tensile strength.
Thus an increasing bonding point fraction only leads to increased strengths due to load
sharing between fibres, when it is not hindered by more transitions when more bonding
points per area are induced.
The size and spacing therefore should be as large as possible, as long as it is ensured, that
every area of lower basis weight is bonded sufficiently. If this is no longer the case, higher
bonding point spacings lead to a decrease in strength again
As assumed an orientation of fibres in the direction of the test also leads to increased
strength and stiffness values.
The shape of the bonding points only has a small effect onto the tensile strength, although
round bonding points show the best overall performance if both MD and CD strength are
taken into account. The squared arrangement of bonded lines also provides good strength
and stiffness values, especially in CD.
6.3 Tear strength
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Figure 6.22: Tear strength for different bonding patterns having a bonding point fraction of
16 % with average values of all shapes showing the lowest values in MD with
small distances between the bonding points and the highest values in CD with
higher distance between the bonding points.
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Figure 6.23: Tear strength in CD (left) and MD (right) for round (top), oval (centre) and
inverted (bottom) patterns with a bonding point fraction of 16 %. MD samples
with small distances between the bonding points have the lowest tear strengths
while generally the round samples show the highest values, especially in CD with
higher distances between the bonding points.
Due to the preferred fibre orientation in MD the tensile strength is increased in MD in
comparison with CD. However, this orientation also leads to the often observed behaviour
that the direction of the highest tensile strength and the direction of the highest tear
strength are perpendicular to each other. As can be seen in figure 6.22, this is also the
case for the nonwovens tested here. The reason is that the large number of fibres oriented
in MD have to be overcome for a crack growth in CD, while the crack growth in MD is
6 Analysis 90
parallel to the fibres and therefore fewer fibres have to be torn. The previously observed
trend that high distances between the bonding points also lead to a higher tensile strength
can also be observed for the tear strength. Since the crack growth takes place mainly along
the bonding point edges, this can also be explained here with the smaller edge fraction
at larger distances between the bonding points. The according values can be found in
appendix G, the average granularity according to equation 4.4 is 0.0365 N/(g/m2).
As for the tensile strength, the round bonding points also produce the highest strength
values for the tear resistance, whereas the inverted patterns do not seem to have a negative
impact as it could be observed for the tensile strength (see figure 6.23). Apart from that
the above described effects of the distance between the bonding points and the increased
strength in CD can be observed for all three bonding point shapes. Generally the difference
between MD and CD is much smaller than for the tensile strength. This is mainly due
to the fact, that the crack growth is limited to a very small area. So only the fibres at
the tip of the crack are exposed to the highest stresses and if no fibres in this direction
exist a reorientation on a very small scale can take place. Thus the growth of the crack is
induced by breaking a similar number of fibres per time, even if there is a smaller number
of fibres originally oriented in that direction. This reorientation was observed in the light
microscope. Using the fibre orientation analysis tool described in chapter 4.1 the ratio
of maximum and minimum fibre orientation has been analysed for different times during
the tearing process as shown in figure 6.24. It can be seen that the force increases as the
degree of orientation increases, as then more fibres are oriented in the direction of load.
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Figure 6.24: Force strain curve of a tear test (black) tracked optically to get the degree of
orientation, i.e. the ratio of maximum and minimum fibre orientation (red). It
can be seen that the force increases as the degree of orientation increases as well.
This reorientation is hindered by the bonding points, whereby a smaller distance between
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the bonding points or a bonding point near the tip of the crack also lead to an increased
obstruction. For tensile tests this reorientation is not possible as therefore this reorien-
tation would have to take place on a scale much larger than the distances between the
bonding points.
For different distances between the bonding points the highest tear strengths can be found
in the 4-fold distance (2.72 mm diameter and 6.47 mm distance between the bonding
points) as shown in figure 6.25. Very high and very low distances between the bonding
points lead to a significant decrease of the tear strength, due to more transitions for
small spacings and a missing load distribution between fibres for higher spacings. This
contradicts the statements of Bhat et al. 2004, which state that the size or spacing of the
bonding points has no influence on the tear strength, although it should be noted that
these were investigated to a much lesser extent. However, the findings on the increase in
tear strength with increasing bonding point fraction can be confirmed. [37]
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Figure 6.25: Tear strength as a function of the bonding point spacing with a constant bonding
point fraction of 16 % (left) and bonding point fraction with constant bonding
point size, except for the pure bonding points (right) showing a maximum in tear
strength for a bonding point spacing of 6.8 mm with a bonding point area of
6.4 mm2 and an increase of tear strength with increasing bonding point fraction
until 64 % when a maximum is reached while for pure bonding points the tear
strength decreases again.
As figure 6.25 indicates there is an increase in the tear strength with increasing fraction of
bonding points up to a fraction of 64 % until it remains on a constant level or might even
decrease again. As the bonding points itself turn out to have much higher tear strengths
than the fibrous material without bonding the behaviour up to a bonding fraction of
about 60 % can be explained by a simple mixing rule between fibrous and bonding areas
where the bonded areas can take much higher loads due to a distribution of the loads
inside of the bonding points. Furthermore, the bonding points get closer together with
increasing bonding point fraction and thus the distance to the free segment length becomes
smaller. This leads to shorter distances until the loads can be distributed onto more
fibres. Contrary to the behaviour with very small bonding points (e.g. 0505 samples with
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a spacing of 0.85 mm) the edge to bonding point ratio does not increase so the weakening
of the material is not increased while the large bonding points are capable of distributing
the load onto more fibres. A reason for the highest values at 64 %, although still similar
to that of pure bonding points within the range of accuracy, could be that the crack
constantly encounters new obstacles due to the dense packing of the bonding points with
small fibre areas between them and is thus prevented from tearing further.
As seen before the tear strength in MD is in most cases slightly lower than in CD, although
this effect becomes smaller with increasing bonding point fraction, again because the
bonding points can redistribute the load even onto fibres not oriented in the direction of
the load and thus the influence of the fibre orientation is reduced for higher bonding point
fractions. Interesting to note is also the higher tear strength in MD for the pure fibres,
which might be caused by a collective reorientation of all fibres which takes longer and
thus more fibres can reorient during the test in MD. But again it needs to be mentioned
that all effects are rather low and within the margin of error and shall not be taken as
secured facts.
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Figure 6.26: Tear strength for a round (R11) pattern as well as for square and line pattern
in MD and CD with a bonding point fraction of 16 %, showing an increased
tear strength for line or square shaped patterns. This might be caused by the
distribution of load over a wider distance and thus number of fibres, especially
for the tearing parallel to the direction of tear growth.
The investigation of the alternative pattern geometries shows that while rectangular,
as well as ring and diamond shaped patterns (not shown in the graph) do not show
a significant difference in tearing behaviour to round or oval patterns the square and
line shaped patterns all lead to an increase in tear strength. This might be caused by
a distribution of loads over a longer range, especially for bonding lines parallel to the
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direction of tearing. Apart from the higher tear strength in CD, while the tensile strength
is higher in MD, no effect of increasing tear strength with decreasing tensile strength and
vice versa could be detected as shown in appendix H.
Summary: Tear strength
Thus in order to increase the tear resistance there might be various ways to achieve that
goal:
- increasing the bonding point fraction, although the nonwoven properties like permeabil-
ity might get lost
- optimizing the spacing between the bonding points (in the range of 6-7 mm for a bonding
point fraction of 16 %)
- line or square pattern, although those might cause a decrease in extensibility in the
direction of the bonded lines
- design the products in a way, that tearing is likely to happen in CD direction as in CD
the nonwovens have a higher tear resistance than in MD
Except for the direction most effects are similar to those for the tensile strength
6.4 Coefficient of friction
The Coefficient of friction as well as the abrasion behaviour are both material proper-
ties, that do not depend strictly on the mechanical strength of the nonwoven alone but
to a significant extent on the three-dimensional structure of the material. Due to the
test methods itself, which test the material homogeneously in all directions there is no
distinction between MD and CD in this study.
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Figure 6.27: Whisker-Box plot for the CoF values of the different shapes with a bonding point
fraction of 16 % showing the highest variation and high values for inverted pat-
terns
Both figure 6.27 and figure 6.28 show that the coefficient of friction, as well as its variation
are highest for the round patterns, the average granularity according to equation 4.4 is
0.0029. The lowest average values can be seen for oval patterns while the round patterns
give rather high values, except for the patterns with high distances in CD, that give the
lowest values of all. On average it can be seen that generally the 0505 patterns give the
highest friction values while high distances between the bonding points, especially in CD
result in low coefficient of frictions, whereas a clear trend for the influence of the bonding
points’ shapes can not be detected.
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Figure 6.28: Contour plots of the coefficient of friction with different distances of the bonding
points with a bonding point fraction of 16 % and oval (top left), round (top
right) and inverted (bottom left) bonding points as well as the average values of
all patterns (bottom right). There is a trend towards lower friction values for
larger bonding points.
A reason for the decrease of the coefficient of friction from patterns with small bonding
points to patterns with larger bonding points and thus also larger areas between the
bonding points is, that the number of transitions between smooth and fibrous sections is
increased. This can be seen in in figure 6.29. The 0505 samples only have small bonding
points and the areas between the bonding points do not even reach its maximum thickness.
Thus all the area between the bonding points is an area of transition in thickness. Even
when it is considered, that these areas are compressed during testing the transitions at
the edges of the bonding points are more frequent and thus a higher roughness is induced
for the smaller bonding points. Furthermore, the fibres in the large areas between the
bonding points in the 22-samples can rearrange during the friction testing and thus adopt
a structure that minimizes resistance as much as possible. As can be seen from the
significant decrease in the coefficient of friction at the beginning of the measurement, this
effect is very pronounced. This process is hindered for patterns with a smaller distance
between the bonding points which can also be seen on the lower drop in friction at the
beginning of the measurements.
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Figure 6.29: SEM images of bonding points in the top view (top) and cross sections (bottom)
of round 0505 pattern (left) and round 22 pattern (right). It can be seen that due
to the frequent change between bonding point and fibre the variation in thickness
is much higher for the 0505 sample.
The high roughness of the edges of bonding points gets more pronounced when the distance
between the bonding points decreases. As marked in the figure 6.30 in the 205-pattern,
where the distance between the bonding points becomes very small, the edges of the
bonding points start to get pressed into the free space between the bonding points on the
calendering tool. This of course increases the roughness significantly and thereby also the
coefficient of friction. This explains on the one hand the increased values for the coefficient
of friction for all 205 samples and on the other hand also the generally high values for all
samples with low spacing in MD, since in combination with the MD orientation of the
fibres this leads to an increased number of transition areas, which in turn increase the
roughness and thus the coefficient of friction. Table 6.1 shows the exact data including
its standard deviation.
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Figure 6.30: SEM images in cross section (left) and top view (right) of round 205 samples,
showing the high variation in thickness due to the outflow of the material into
the space between the bonding points during the calendering.
Table 6.1: CoF values and its variation for oval, inverted and round bonding points with dif-
ferent distances between the bonding points
Sample Bonding Bonding CoF CoF CoF
point distance point distance Round Oval Inverted
CD / mm MD / mm
0.5-0.5 1.47 0.85 0.268 ± 0.006 0.266 ± 0.006 0.274 ± 0.005
0.5-1 1.47 1.7 0.262 ± 0.006 0.251 ± 0.006 0.251 ± 0.005
0.5-2 1.47 3.4 0.254 ± 0.006 0.244 ± 0.007 0.252 ± 0.006
1-0.5 2.94 0.85 0.264 ± 0.006 0.258 ± 0.007 0.245 ± 0.006
1-1 2.94 1.7 0.250 ± 0.006 0.249 ± 0.006 0.243 ± 0.006
1-2 2.94 3.4 0.260 ± 0.004 0.239 ± 0.007 0.261 ± 0.007
2-0.5 5.88 0.85 0.261 ± 0.006 0.254 ± 0.005 0.245 ± 0.005
2-1 5.88 1.7 0.237 ± 0.006 0.248 ± 0.007 0.242 ± 0.005
2-2 5.88 3.4 0.241 ± 0.005 0.241 ± 0.004 0.249 ± 0.004
Figure 6.31 shows the effect of the bonding point fraction onto the coefficient of friction.
The coefficient of friction increases with higher bonding point fraction, as again like for
smaller patterns the fewer movable fibres and the increase in the transitions increase the
roughness and thus the coefficient of friction. Only for higher, more film-like nonwovens
with a bonding point fraction of 64 % or more the coefficient of friction drops well below
the friction values of all nonwovens due to the increased area of smooth bonding point
surface.
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Figure 6.31: Coefficient of friction over the bonding point fraction first showing an increase
in friction for increasing bonding point fractions up to 32 % due to an increased
number of transitions and a decreased free movable fibre length while for 65 %
and for the pure bonding point, which is close to a foil, the coefficient of friction
drops significantly below that of any nonwoven, due to the increased fraction of
smooth surface, although the variation at 64 % is very high, caused by the still
existing transitions between bonding points and unbonded fibres
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Figure 6.32: Coefficient of friction as a function of the bonding point spacing with a bonding
point fraction of 16 % showing a decrease with increasing spacing due to a decrease
of transitions and an increase in free and thus movable fibre length between
bonding points and fibres until a plateau is reached for spacings of about 6.8 mm
or larger.
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The influence of the spacing between the bonding points as shown in figure 6.32 con-
firms the previous theories, since also here with increasing free segment length and thus
decreasing number of bonding point-fibre transitions the CoF decreases until it runs for
distances over 6.8 mm into a plateau. A similar trend can be seen for the alternative
patterns shown in figure 6.33, whereby those patterns with a higher free segment length
also show values comparable to those with round bonding points and high spacings.
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Figure 6.33: Coefficient of friction for alternative bonding patterns showing almost no effect
for ring or diamond patterns while those of square and line patterns are similar to
those with round bonding points and high spacing between the bonding points.
In order to test the influence of the measuring method on the sample thickness and its
influence on the coefficient of friction, the thickness as a function of the normal pressure
on the sample was analysed. As can be seen in figure 6.34, the thickness decreases consid-
erably with the onset of pressure, while the drop becomes flatter towards high pressures.
In addition, it can be seen that higher bonding point fractions and thus shorter distances
between the bonding points lead to a reduction in thickness. Thereby it becomes apparent
that even at the prevailing pressures of 11.32 kPa during the friction measurements, de-
spite the compression of the fibre matrix, there are still noticeable differences in thickness
for different bonding point fractions, although the basis weight of all samples is the same.
Only at even higher pressures this difference is almost eliminated, at least for similar
bonding point fractions. Only an increase of the bonding point proportions to over 64 %
leads to a significant reduction of the thickness even at very high pressures.
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Figure 6.34: Dynamic thickness as a function of the normal pressure for different bonding
point fractions. With increasing pressure the thickness decreases, whereby the
decrease per kPa becomes smaller for higher pressures. An increase in bonding
point fraction also leads to a decrease in thickness with a significant reduction for
the samples with 100 % bonding point fraction.
A clear correlation between the optical thickness and the dynamic thickness could not be
found, due to the high dependency of the optical thickness onto the direction of the cut
(see appendix I). What can also be determined from the diagram is the degree of flexibility
or softness of a nonwoven fabric at a given pressure. A steep gradient corresponds to a
higher softness, since a slight increase in pressure can cause a large change in thickness.
While most nonwovens with a bonding point fraction of 32 % or less are still relatively
soft at low pressures, this decreases significantly for pressures of 5-10 kPa.
A similar effect can be seen in the different patterns, where a small distance between the
bonding points also leads to smaller thicknesses (see appendix I). It is therefore reasonable
to assume that there is a correlation between the dynamic thickness dd) under load and
the free segment length (FSL) of the fibres. This correlation is shown in figure 6.35.
It can be seen that the thickness increases with increasing free segment length, with a
slight trend towards higher thicknesses with inverted patterns. For very large segment
lengths, the thickness seems to run into saturation and not to increase any further. To
obtain this saturation value (dS plus the initial value for the full bonding point d100)
the data was fitted using a simple saturation function shown in equation 6.3 with the
adjustable parameter kd. The obtained dynamic saturation thickness under a load of
11.32 kPa is 0.136 ± 0.004 mm (dS = 0.121 ±0.004 mm, d100 = 0.015 ± 0.001 mm and
kd = 0.000762 ± 0.000007 µm-1).
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dd = d100 + dS ·
(
1− e−kd·FSL
)
(6.3)
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Figure 6.35: Comparison of the dynamic thickness at 11.32 kPa and the free segment length
showing a trend towards higher thicknesses with increasing free segment length.
Fit according to equation 6.3 showing a saturation thickness for high free segment
lengths of 0.136 ± 0.004 mm
Figure 6.36 shows the influence of the free segment length on the coefficient of friction
(data for the coefficient of friction in dependency of the dynamic thickness can be found
in appendix J) showing a strong increase from the full bonding point to patterns with a
small free segment lengths due to the creation of transitions and thus surface roughness.
Thereby the unbonded fibres have a low mobility due to the short free length and thus can
not align in a way, that the friction is reduced. Afterwards the increasing free segment
length leads to a decrease of friction as the fibres become more flexible and can align
according to the acting forces. This effect however is limited and thus a saturation value
is reached as soon as any increase in free segment length does not increase the mobility
of the fibres any further.
This behaviour of the coefficient of friction (CoF) in dependence of the free segment
length (FSL) can be described mathematically by the following equation 6.4 giving a peak
function with different values for very low and very high FSL values. The parameters are
listed in table 6.2 with CoF0 being the CoF of pure bonding points and k1, k2, l1 and
l2 being adaptable parameters. The saturation CoF-value reached for very high free
segments lengths is 0.22235 according to the obtained data described with equation 6.4
(hereafter referred to as FSL-Fit).
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CoF = CoF0 + (k1 − CoF0) ·
(
1− e−FSLl1
)
·
(
e
−FSL
l2
)
+ k2 ·
(
1− e−FSLl2
)
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Table 6.2: Parameters for the description of the CoF in dependence of the free segment length
according to equation 6.4
Parameter Value
CoF0 0.1937 ± 0.0080 (measured)
k1 0.2887 ± 0.0259
k2 0.03012 ± 0.0094
l1 584.5 ± 49.8 µm
l2 4382.3 ± 459.1 µm
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Figure 6.36: Influence of the free segment length onto the coefficient of friction over the com-
plete range of available free segment lengths (left) and in the section of the most
tested samples (right, dashed window in the left image) with fit according to
equation 6.4 as dashed line. Both the increase due to the initiation of transitions
between bonding points and fibres with limited mobility as well as the decrease
due to an increased mobility of longer fibre segments aligning according to the
direction of external force can be seen described using equation 6.4.
The influence of the free segment length onto the coefficient of friction and the fit ac-
cording to equation 6.4 is shown in figure 6.36, first showing a steep increase of friction
from the pure bonding points towards fibres with small areas of free fibres followed by a
decrease in friction for higher free segment lengths. This again proves the hypothesis of
the reorientation of free moveable fibre segments during the tests, which in turn lead to a
reduction of the friction. For shorter free segment lengths the mobility is reduced leading
to higher friction, while for very high bonding point fractions of 50 % or higher and thus
very short free fibre segments the smooth bonded areas and the low thickness of the free
fibres also lead to a rapid decrease of the coefficient of friction.
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Equation 6.4 can also be used to describe the influence of both bonding point spacing and
bonding point fraction onto the coefficient of friction as shown in figure 6.37. Except for
single outliers both the decrease of fraction with increasing bonding point spacing as well
as the curve with a maximum for medium-sized bonding point can be described within the
margin of error. Thus it was shown that the free segment length as well as the bonding
point fraction have a significant influence onto the friction behaviour of nonwovens, which
can be described using a single equation with the free segment length as variable.
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Figure 6.37: Fit according to equation 6.4 for the dependence of the friction coefficient on the
bonding point distance (left) and the bonding point fraction (right). Apart from
outliers, both curves can be described within the margin of error.
Summary: Coefficient of friction
While the lowest friction values can be obtained with pure bonding points or very high
fractions of smooth bonding points for technically relevant bonding point fractions below
40 % an increase in free segment lengths leads to a decrease in friction due to a higher
mobility of the fibres, enabling them to align in a way that reduces the friction to external
forces.
While round bonding points show slightly higher friction values than oval patterns no
clear trend can be seen for the shapes as such, while generally all shapes and patterns
with a higher free segment length also result in lower friction.
Thus the patterns with higher spacings and larger bonding points show a low friction as
well as those with low bonding point fractions, with the exception of the patterns with
bonding point fractions of more than 60 %.
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6.5 Pilling behaviour
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Figure 6.38: Contour plots of the pill area after 100 rotations with different distances of the
bonding points and a bonding point fraction of 16 % with oval (top left), round
(top right) and inverted (bottom left) bonding points as well as the average values
of all patterns (bottom right). There is a trend towards lower pilling areas for
larger bonding point distances.
The results of the pilling tests reveal, as shown in figure 6.38, an increased pilling for
round bonding points at the beginning of the measurement for low numbers of rotations
and generally lower pilling for larger distances between the bonding points. This also
correlates to the behaviour of the coefficient of friction measurements. Patterns with
high friction also lead to increased pilling, which is also confirmed by measurements
on other textiles showing reduced abrasion in textiles with low friction [139]. At the
end of the measurements after 10000 rotations, however, the picture is less clear (see
figure 6.39). Due to the failure of individual fibres at the edge of the bonding points and
the detachment of fibres from the bonding points, the initial structure of the nonwoven
increasingly loses importance, which also results in significantly larger standard deviations
of the individual values and thus less reliable measurements. The measured values for
500 and 1000 rotations are shown in appendix K, whereby the influence of the patterns
becomes less and less apparent with increasing duration of the experiment.
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Figure 6.39: Contour plots of the pill area after 10000 rotations with different distances of the
bonding points and a bonding point fraction of 16 % with oval (top left), round
(top right) and inverted (bottom left) bonding points as well as the average values
of all patterns (bottom right). For the high number of rotations no clear trend
for the bonding point distance can be found. however, it can be seen that for
longer tests round bonding points seem to result in less pilling.
The investigation of the influence of the bonding point distance on pilling (figure 6.40)
confirms, at least for tests with low numbers of rotations, the trend that a larger bonding
point distance leads to less pilling. Here, too, however, an increasing variation and almost
indistinguishable differences between the different samples can be seen with 1000 rotations
and more. A closer look at the scanned samples also reveals that, although pills are not
formed at large bonding point distances due to the lower force applied to the individual
fibres due to the greater free path length (see also Textor et al. [139]), there are large-scale
shifts in the fibres which result in significant local increases in cloudiness (see figure 6.41).
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Figure 6.40: Pill area as a function of the number of rotations for different bonding point
spacings with a bonding point fraction of 16 % for the complete tested range
(left) and for the 100 to 1000 rotations (right) showing higher pill areas for low
bonding point spacings at the beginning but no clear trend for higher number of
rotations
Figure 6.41: Comparison of a sample with 13.6 mm bonding point distance (left) and 1.7 mm
bonding point distance (right) after 500 rotations showing pills for the smaller
spacing and variations in basis weight with thicker areas in the vicinity of the
bonding points for the larger bonding point distance
Figure 6.42 shows the influence of the bonding point fraction on the pilling behaviour,
showing that both very high and very low bonding point fractions can have positive
effects on the pilling behaviour. While pure bonding points at the beginning of the
measurement offer hardly any contact surfaces and slide over the abrasive like a foil, the
fibres of samples with very few bonding points can move freely and without fixed anchor
points, thus compensating for the external effects. Since similar forces also act on fibres
in similar regions, there is little or no twisting of fibres, which is why pills hardly form
at the beginning. As the number of rotations increases, the pilling area for pure bonding
points and for pure fibres remains very small, while especially medium bonding point
fractions (i.e. 32 and 64 %) have the highest pilling areas after a long time due to their
large number of bonding point fibre transitions and the associated high forces acting on
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the loose fibre areas.
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Figure 6.42: Pill area as a function of the number of rotations for different bonding point
fractions (limited selection up to 500 rotations on the right) showing low pill areas
for full bonding points and pure fibres and the most pill formation for medium
bonding point fractions having the highest number of transitions between bonded
and unbonded areas
The behaviour of the pill area (Apill) as a function of the rotations (N) can be described
using a modified form of equation 5.1, i.e. a Weibull distribution (equation 6.5). This can
be used to describe both the delayed increase, i.e. the time until the first pills form, using
the characteristic value N0, and the shared saturation value, which can be explained by
the fact that the same maximum pill area Asat (here 26.16 ± 2.51 mm2) can be achieved
in all samples with the same basis weight. The slope of the increase in area is determined
by the exponent m.
Apill = Asat ·
(
1− exp−
(
N
N0
)m)
(6.5)
Table 6.3: Parameters for the description of the pill area in dependence of the number of
rotations according to equation 6.5 for different bonding point fractions
Bonding point fraction in % N0 m
0 36228 ± 10962 0.62 ± 0.11
8 14378 ± 4399 1.12 ± 0.17
16 8532 ± 539 1.23 ± 0.09
32 4412 ± 557 1.52 ± 0.14
64 3549 ± 1167 1.96 ± 0.40
100 11892 ± 1763 1.78 ± 0.11
The fits using this equation 6.5 are shown in figure 6.43. It can be seen that the fits
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describe the principal behaviour, whereby it is evident from the values (see table 6.3) that
the samples with low (0 and 8 %) bonding point fractions as well as the pure bonding
points take longest to form and grow pills. The samples with 32 % and 64 % bonding
point fraction, in contrast, show the earliest increase in pill area (low N0), with a relatively
high m-value at the same time, thus also exhibiting a rapid increase in the pill area once
pilling has set in.
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Figure 6.43: Pill area as a function of the number of rotations for different bonding point
spacings (limited selection up to 100 rotations on the right) with the adapted
Weibull-fits showing a good agreement of the fits and data (R2 between 0.892 and
0.998)
Fitting the data of the different bonding point distances is possible as well but as they
all are very similar with their margins of error overlapping it is not useful for any further
relevant insights.
The comparison with alternative bonding patterns shown in figure 6.44 reveals that while
the both line and square patterns enhance pilling at the beginning the squared patterns
actually show less pilling for very high numbers of rotations, while the line patterns
continue to show more pilling than the patterns with round bonding points.
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Figure 6.44: Pill area as a function of the number of rotations for round, line and square
patterns with a bonding point fraction of 16 % showing an increase of pilling for
the line pattern and a decrease in pilling for the squared pattern compared to
that of the round bonding points (R-1-1)
Summary: Pilling behaviour
Overall, it can be concluded that the relative fluctuations of the pilling compared to the
other measured values are significantly higher despite the new more objective measuring
method. Although overall trends can be identified, further modelling of the data is not
feasible due to the large errors and is therefore not implemented in this thesis.
What can be seen is that high spacings between the bonding points as well as very high
bonding point fractions can cause a reduction in pill formation. Most pilling can be seen
for bonding point fractions between 16 and 64 % and for very small spacings between the
bonding points.
The shape of the bonding points does not seem to affect the pilling in a significant manner.
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7 Modelling
The modelling was done with different approaches. Thereby simple spring dashpot mod-
els have been used to model the stress strain behaviour of the nonwovens. Furthermore,
statistical or semi empirical modelling was performed to obtain the most significant in-
fluencing factors on various mechanical properties.
7.1 Viscoelastic modelling of tensile tests
Spring-dashpot models are a way of describing the tensile behaviour of materials using
models in order to establish a relationship between total stress and total elongation. A
spring provides an ideal elastic fully reversible material behaviour according to Hooke’s
law, whereas dashpots behave ideally viscous and thus deform irreversibly. Since polymers
and also polypropylene fibres do not deform in the tensile test either ideally elastic or
completely viscous, i.e. plastically, combinations of springs and dashpots are necessary to
match the viscoelastic material behaviour. [140,141]. Mathematically, spring and dashpot
can be described with Hooke’s law (equation 7.1) and Newton’s law of flow (equation 7.2),
where σ represents stress, ε strain, ε˙ strain rate, η viscosity and E the Young’s modulus.
σ = E · ε (7.1)
ε˙ = σ
η
(7.2)
Combined models such as the Maxwell model, in which spring and damper are connected
in series, are suitable for reproducing the viscoelastic behaviour of nonwovens. The spring
describes the elastic material behaviour, i.e. the reorientation of the fibres and the elastic
elongation of fibre segments, while the damper describes the plastic behaviour of the fibres
at high elongations and the irreversible damage to the material. In the Maxwell model,
the elongation ε is equal to the sum of the elongation of spring εS and dashpot εD. The
same applies to the strain rates, while the stress is the same in spring and dashpot. This
results in the following differential equation for the Maxwell model:
ε˙ = σ˙
E
+ σ
η
(7.3)
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The homogeneous solution of the differential equation 7.3 results in the following stress-
strain relationship with the adaptable constant A1:
σH = A1 · exp
(
−E · t
η
)
(7.4)
For tensile tests with given strain rate ε˙ and the stress σ0 = 0 at time t = 0 the following
general solution of the inhomogeneous differential equation results with a variable A2:
σ = A2
[
1− exp
(
−E · t
η
)]
(7.5)
As described above, various elastic and plastic deformation mechanisms play a role in the
deformation of nonwovens, which is why it may be necessary to use generalised Maxwell
models with two or more Maxwell models connected in parallel in order to accurately
describe the tensile behaviour. Mathematically therefore equations of two Maxwell models
can just be summed up.
The description of a stress-strain curve, or here for a constant strain rate transferred to
a stress-time curve is shown in figure 7.1. It can be seen that equation 7.5 is already
capable of modelling the behaviour of differently breaking nonwovens well. Thus in this
study only this single Maxwell model will be used.
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Figure 7.1: Stress (calculated with an average bulk thickness of 0.019 mm) over time for
two tensile tests with significantly different breaking behaviour and fits using the
Maxwell-model according to equation 7.5 showing a high agreement of measured
and modelled data for both scenarios
The Maxwell-model is used to fit all tensile test curves in this study, except for those of
pure bonding points, which can not be described using the Maxwell model (neither single
nor dual model). Thereby a Young’s modulus is calculated for every sample and divided
by the basis weight and the width of the sample, which can be compared to those obtained
from the tensile tests directly as described in the Analysis section. A comparison of both
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(figure 7.2) reveals that both match quite well, only having slightly lower values for the
modelled stiffness, as the measured Young’s modulus doesn’t take into account the more
shallow beginning of the curve for very low strains.
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Figure 7.2: Comparison of the measured values of the Young’s modulus and the values obtained
using the Maxwell model, showing a high degree of agreement with slightly lower
values from the modelling, as the Young’s modulus is determined skipping the first
more shallow part of the curve. A linear fit through the origin would have a slope
of 0.947. Data partly as in [4].
Furthermore, a simple linear correlation between the measured η and the maximum force
can be found by multiplying the value of η with 0.05654 m2cm-1g-1s-1 as shown in figure 7.3.
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Figure 7.3: Comparison of the measured values of the maximum force and the values obtained
using the Maxwell model using a linear adaption by multiplying the value of η with
0.05654 m2cm-1g-1s-1. The obtained results show a reasonably description of the
data (R2=0.987)
From the correlations of the tensile test curves as well as of the modelled values for
both the Young’s modulus and the maximum force it can be derived that the Maxwell
model is suitable to describe the stress strain behaviour of the investigated polypropylene
nonwovens in a proper way.
7.2 Statistical modelling
The statistical or empirical modelling was done with the Software Statistica (StatSoft,
Inc., Statistica 10). The influence (linear and/or quadratic) of the various parameters
on the respective measured variable, such as strength, was determined for this purpose.
Only influencing parameters that were identified as statistically significant, i.e. in this
case p-values smaller than 0.05, were taken into account.
7.2.1 Tensile and tear strength
Tensile strength
As shown in the Pareto-chart in figure 7.4 the significant parameters for the empirical
description of the maximum force (in N/cm) are the following:
BW: Basis weight in g/m2
mBA: Minimum possible bonding area on 1 cm2, which is the size of weak spots according
to the analysis of the web uniformity in chapter, in cm2 4.2. See also appendix L.
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L/A: Length of the bonding point perimeter per area in mm/cm2, see also appendix M.
ODF: Value of the orientation distribution function in the direction of testing. Parameter
to distinguish between MD (ODFMD = 0.90143) and CD (ODFCD = 0.57767).
ABP: Size of a single bonding point in mm2
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Figure 7.4: Pareto-chart of the significant influencing parameters for the empirical description
of the maximum force in tensile tests.
The data can be described using equation 7.6 with the parameters according to table 7.1.
The results are shown in figure 7.5 for each set of samples.
Fmax = BW · (c1 + c2 ·L/A+ c3 ·ODF + c4 ·mBA+ c5 ·ABP + c6 · (L/A)2 + c7 ·A2) (7.6)
Table 7.1: Parameters for the description of the maximum force in dependence of basis weight,
ODF, edge length per area, minimum bonding area per 1 cm2 and bonding area
according to equation 7.6
Parameter Value
c1 -0.05500 ± 0.00117
c2 0.2935 · 10-3 ± 0.96 · 10-5
c3 0.2124 ± 0.039
c4 0.8263 ± 0.031
c5 0.001135 ± 0.000193
c6 -0.3910 · 10-5 ± 0.911 · 10-6
c7 -0.9403 · 10-3 ± 0.109 · 10-3
7 Modelling 115
0 5 1 0 1 5 2 00
5
1 0
1 5
2 0  Y = X
F ma
x ca
lcul
ated
 / N
/cm
F m a x  m e a s u r e d  /  N / c m
Figure 7.5: Comparison of observed and calculated data for the maximum force using the
empirical model shown in equation 7.6 for each set of samples
It can be seen that a general description of rough tendencies using the statistical model is
possible, whereas an exact modelling is not given. Especially in the range of most tested
samples between 2 N/cm and 5 N/cm a very large variation can be observed for different
bonding point geometries. Therefore this model is not suitable to describe differences in
bonding point geometries quantitatively.
However, it is possible to use this model to describe the influences of the bonding point
size or bonding point spacing as well as the bonding point fraction, as can be seen in
figure 7.6. Both curves can be described using equation 7.6 in both MD and CD within
the margin of error.
7 Modelling 116
0 2 0 4 0 6 0 8 0 1 0 0
0
5
1 0
1 5
2 0  M D C D S t a t i s t i c  m o d e l  M D S t a t i s t i c  m o d e l  C D
Max
imu
m fo
rce 
/N/c
m
B o n d i n g  p o i n t  f r a c t i o n  / % 0 . 0 0 . 4 1 . 6 6 . 4 1 4 . 4 2 5 . 6
0 . 0 1 . 7 3 . 4 6 . 8 1 0 . 2 1 3 . 6
1
2
3
4
5
6
7
B o n d i n g  p o i n t  s p a c i n g  / m m
Max
imu
m fo
rce 
/N/c
m
B o n d i n g  p o i n t  s i z e  / m m ²
 M D C D S t a t i s t i c  m o d e l  M D S t a t i s t i c  m o d e l  C D
Figure 7.6: Maximum force as function of the bonding point fraction (left) and the bonding
point spacing with a bonding point fraction of 16 % (right) with fits according to
the statistic model in MD and CD shown in equation 7.6 (dashed lines) showing a
reasonable description of the data, especially for bonding point fractions of 16 %
and higher. Data as in [4].
In addition to the linear influence of the weight per unit area (see chapter 5.3.2) in the
investigated range, the empirical equations can also be used to determine the influence of
the other parameters onto the strength. For the graphical visualisation, for example, the
output of the desirability, i.e. the highest possible value of the strength, can be used as a
function of various influencing variables, as shown in figure 7.7.
This shows directly that, as is to be expected, an orientation of the fibres in the tensile
direction also results in an increased strength. An increase of the bonding point fraction
per 1 cm2 results in a significant increase of the strength, as does a reduction of the edge
length per area ratio of the bonding points. An increase in the bonding point size results
in a very weakly pronounced increase in strength.
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Figure 7.7: Contour-plots of the desirability (highest possible value for maximum force) for
different parameter combinations showing an increase of strength with fibre orien-
tation in direction of the test and bonding area per 1 cm2, while an increase in the
perimeter to area ratio of bonding points leads to a reduction in strength. The
bonding size increases the strength but only to a low extend.
Young’s modulus
The empirical modelling was also executed for the Young’s modulus E (here in N/cm) as
described above, whereby only linear influences of basis weight (BW), fibre orientation
(ODF), minimum bonding area per 1 cm2 (mBP) and perimeter length per bonding area
(L/A) were identified as significant, as shown in equation 7.7 (constants are presented in
table 7.2). An attempt to display the FSL using the parameter mBA was not possible
due to the missing continuity.
E = BW · (c1 + c2 ·ODF + c3 ·mBA+ c4 · FSL+ c5L/A) (7.7)
Table 7.2: Parameters for the empirical description of the Young’s modulus in dependence of
basis weight, orientation distribution function, edge length per area and minimum
bonding area per 1 cm2 to equation 7.7
Parameter Value
c1 -0.2270 ± 0.0087
c2 2.2224 ± 0.2471
c3 6.0705 ± 0.7193
c4 -0.3691 · 10-4 ± 0.1007 · 10-4
c5 0.2844 · 10-2 ± 0.351 · 10-3
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Figure 7.8 shows the comparison of measured and equation 7.7 calculated values for the
Young’s modulus. It turns out that the strong increase in stiffness for pure bonding points
cannot be explained with the model, but that the remaining aspects can be described
within the scope of the error with a maximum deviation of 20 %. The stiffness curves as
a function of bonding point fraction and bonding point distance are also reproduced (see
appendix N, where the corresponding Pareto-chart can also be found).
The model shows that the stiffness increases with increasing basis weight, increasing fibre
orientation and increasing fraction of bonding points (per 1 cm2) as well as for increasing
edge length per bonding area and decreasing free segment length, i.e. smaller distance
between the bonding points, since the mobility of the unbound fibres is restricted thereby.
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Figure 7.8: Comparison of measured and empirically modelled Young’s moduli according to
equation 7.7 for all samples (left) and without pure bonding points (right). Apart
of the pure bonding points which cannot be described using the statistical model
the other data can be described within the margin of error with deviations below
20 %.
Tear strength
The tear strength shows a high relative variation compared to the tensile strength for
the tested nonwovens. Nevertheless, the development of an empirical model is possi-
ble, whereby in this case eight adjustable coefficients are necessary (see equation 7.8 or
table 7.3).
Ftear = BW ·(c1+c2·mBA+c3·FSL+c4·L/A+c5·ODF+c6·(mBA)2+c7·FSL2+c8·(L/A)2)
(7.8)
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Table 7.3: Parameters for the empirical description of the tear strength in dependence of basis
weight, orientation distribution function, edge length per bonding area, minimum
bonding area per 1 cm2 and free segment length according to equation 7.8
Parameter Value
c1 0.2151 ± 0.0111
c2 1.833 ± 0.1037
c3 0.3449 · 10-4 ± 0.4002 · 10-5
c4 -0.002042 ± 0.000473
c5 -0.1004 ± 0.0344
c6 -1.470 ± 0.2681
c7 -0.1012 · 10-8 ± 0.2059 · 10-9
c8 0.4862 · 10-5 ± 0.8827 · 10-6
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Figure 7.9: Comparison of observed and calculated data for the tear strength using the empir-
ical model shown in equation 7.8 for each set of samples
As can be seen in figure 7.9, a general description of the correlations is possible, whereby
as already mentioned, the errors in the measured values are relatively large. Figure 7.10
also shows the measured and modelled curves of the tear strength as a function of the
bonding point distance and the bonding point fraction. Both profiles can be reproduced
qualitatively with the model, whereby individual outliers are not covered.
The statistical model can be used to evaluate the influence of the individual parameters
on the tear propagation strength. This indicates an increased tear resistance in CD, i.e.
crack growth transverse to the fibre orientation. An increase in the FSL, as well as the
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bonding point fraction, increases the tear strength, while an increased ratio of bonding
point edge to bonding point surface causes a reduction in the tear strength due to the
addition of weak parts to the nonwoven.
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Figure 7.10: Young’s modulus as function of the bonding point fraction (left) and the bonding
point spacing (right) with fits according to the statistic model in MD and CD
(dashed lines) showing a reasonable description of the data
7.2.2 Coefficient of friction
The statistical analysis of the coefficient of friction yields the correlation according to
the equation 7.9, with the friction of the support material CoF0 as initial value and the
bonding point fraction, the bonding point area and the edge to area ratio of the bonding
points as influencing parameters (for the coefficients see table 7.4, the corresponding
Pareto-chart is shown in appendix N). The fact that the basis weight was not found to be
statistically significant, however, makes this model to be viewed with caution, as clearly
different basis weights certainly do have an influence. Therefore, this model can only be
used for a limited range of basis weights.
CoF = CoF0 + c1 ·mBA+ c2 · ABP + c3 · (L/A)2 + c4 · (mBA)2 + c5 · A2BP ) (7.9)
Table 7.4: Parameters for the empirical description of the coefficient of friction in dependence
of the edge length per bonding area, minimum bonding area per 1 cm2 and the
bonding point size according to equation 7.9
Parameter Value
CoF0 0.2214 ± 0.0922
c1 0.2468 ± 0.0127
c2 -0.9182 · 10-3 ± 0.736 · 10-4
c3 0.7052 · 10-6 ± 0.771 · 10-5
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Table 7.4: (Continuation)
Parameter Value
c4 -0.6222 ± 0.0589
c5 0.1329 · 10-4 ± 0.562 · 10-5
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Figure 7.11: Comparison of observed and calculated data for the coefficient of friction using
the empirical model shown in equation 7.9 for each set of samples
Figure 7.11 shows the comparison of calculated and measured data for all sets of samples.
It turns out that almost all data within the margin of error can be described due to the
large variation of the measurement data, but that fine trends are not described thoroughly.
This is also shown in figure 7.12, where the measured data are displayed as a function of
the bonding point fraction (left) and bonding point spacing (right) with the statistical fit,
as well as the fit based on the free segment length. It can be seen that the fit can better
describe the data using the free segment length, which also has one less free parameter.
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Figure 7.12: Coefficient of friction as function of the bonding point fraction (left) and the
bonding point spacing (right) with fits according to the statistic model in MD
and CD (dashed lines) showing a reasonable description of the data
Using the statistical model, it can be identified that large bonding points with a small
perimeter to area ratio reduce friction as do very high bonding point fractions, or to a
lesser extent very low bonding point fractions below 10 %. In between, the high number of
transitions between bonding points and fibres provide additional roughness and the short
distances between the bonding points prevent a low-friction arrangement of the fibres, as
it is possible with very small bonding fractions and large distances between the bonding
points.
7.3 Semi-Emprical model
In addition to statistical modelling approaches, more physical approaches are also feasi-
ble, especially for the description of the tensile strength, for which data are also available
for the individual fibres. In this modelling, an attempt is made to model the strength of
nonwovens on the basis of the strength of the individual fibres and the bonding points, as
well as a weakening due to the transitions at the bonding point edges. For the strength
contribution of the fibre matrix, the maximum fibre fraction, referred to 1 cm2 (1- "min-
imum bonding area per 1 cm2), is multiplied by the strength of the individual fibre and
the number of relevant fibres for the tensile direction. The number of fibres is first deter-
mined by the basis weight, from which the total fibre length in the whole sample can be
determined via the fibre fineness (in g/10000 m). Using the fibre orientation distribution
function, where according to Turbak 1993 the number of fibres per direction multiplied
by cos4 of their angle to the tensile direction contribute to the strength, and the sample
length in the tensile direction, the number of relevant fibres for the tensile test can be de-
termined [71]. However, since this assumes a simultaneous failure of all fibres at maximum
force, the calculations lead to considerably higher values than those measured. Therefore
a factor k1 was added to compensate for the attenuating effects of the non-simultaneous
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failure, basis weight fluctuations and other disturbing factors. The contribution of the
bonding points to the strength is added to the strength of the matrix. The partial therm
is composed of the strength per basis weight of the pure bonding points (Fmax,BP), times
the basis weight BW of the sample and the area fraction of the bonding points (mBA,
based on the minimum possible area fraction per 1 cm2). Since the influence of the fibre
orientation only plays a minor role for pure bonding points, it is not considered here.
The weakening by the edges of the bonding points is calculated by the size L/A (edge
length, per bonding surface) multiplied by an adjustable coefficient k2 and subtracted
from the strength of matrix and bonding points. Equation 7.10 shows the resulting equa-
tion with the adjustable values k1 and k2 and other fixed influencing variables according
to table 7.5.
Table 7.5: Parameters for the empirical description of the maximum force according to equa-
tion 7.10
Parameter Description Value
k1 Coefficient fibre distribution 0.0588 ± 0.0028
k2 Coefficient weakening by edges 0.01507 ± 0.00079
Finenessfibre Linear density 2.02 ± 0.21 g/10000 m
Areasample Area of the tensile test samples 0.0024 m2
lsample,tensile
Length of the samples in tensile
direction
0.08 m
Fmax,single Tensile strength of the single fibres 0.05803 ± 0.00750 N
ODFcos
Sum of all ODF values (before
normalisation) times cos4 of the angle
towards the tensile direction
MD: 0.406; CD: 0.329
Fmax = k1 · Ffibres · (1−mBA) +mBA ∗ Fmax,BP − L/A · k2 (7.10)
thereby Ffibres is given as:
Ffibres =
BW
Finenessfibre
· 10000 · Areasample
lsample,tensile
· Fmax,single ·ODFcos (7.11)
Figure 7.13 shows the comparison of measured and modelled strengths (in N/cm, R2= 0.852),
while figure 7.14 shows the comparison of modelled and measured values for the different
bonding point fractions and bonding point spacings or sizes. It can be seen that also with
this model, it is possible to reproduce the curves qualitatively, but there are larger devi-
ations than with the purely statistical model. However, the model shown here requires
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considerably fewer free parameters (two vs. seven for the purely statistical model).
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Figure 7.13: Comparison of measured and empirically modelled maximum force according to
equation 7.10 with only two adjustable parameters showing similar results as the
statistical model with seven adjustable parameters shown before
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Figure 7.14: Maximum force as function of the bonding point fraction (left) and the bonding
point spacing (right) with fits according to the empirical model in MD and CD
shown in equation 7.10 (dashed lines) showing a reasonable description of the
data, except for very large bonding point spacings or sizes and pure fibres.
The validity of the model is limited by the fact that an increase in the take-off pressure
to 2.5 bar results in a reduced strength for the fibres, but an increased strength for the
nonwovens in both MD and CD. It can therefore be assumed that in the adjustable pa-
rameters (above all k1, which is mainly affected by the existing fibre curl and fixation of
the fibres by bonding points) there are further points which are not yet known, whereby
the cloudiness, calenderability of differently stretched fibres, local orientation differences
represent only some of the possible influencing variables.
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In order to take all these effects into account, simulations are necessary, whereby these
are so complex due to varying number, orientation and curl of the fibres that so far only
attempts have been made with simple, non-curved fibres at a uniform basis weight. How-
ever, these cannot compensate for the aforementioned shortcomings either. In addition,
many influencing variables, such as the shear modulus or lateral contraction of nonwovens
or individual fibres, are experimentally very difficult to access as they also vary greatly in
nonwovens. Furthermore, the significant weakening of the fibres at the edge of the bonding
points is not even considered in most models. The transfer of other theories from the field
of fibre-reinforced plastics, such as classical lamination theory, is also hardly possible due
to the complex fibre structure, or if applicable only for very small deformations. [142–148]
A simulation or modelling of the remaining parameters was not carried out due to the
complex structure in both 2D or 3D and has not yet been published in the literature
either.
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Table 8.1: Influence of basis weight, fibre orientation in test direction, bonding point
size/spacing, bonding point fraction, free segment length and the ratio of edge length
per bonding area in the relevant ranges onto the mechanical properties. + means
an increase, o no effect and - a decrease, green is a (usually) desired effect, red
an (usually) undesired one. Effects which are only valid for the relevant range but
limited thereafter are marked with notes 1-4.
Tensile strength Stiffness Tear strength CoF Pilling
Basis weight increase + + + + -
Fibre orientation
in test direction + + - o o
Bonding point size/spacing ++ 1 - + - +- 2
Bonding point fraction + + + /\ /\
Free segment length ++ 3 - o - +- 4
Edge length/bonding area - + - - -
1Up to spacings of 6.8 mm, so below the size of weak spots in the nonwoven
2Up to spacings of 3.4 mm and limited to the first 1000 rotations
3Up to mean values of about 11000 µm
4Up to mean values of about 5500 µm and limited to the first 1000 rotations
The aim of this thesis was to analyse the effects of different bonding point parameters
onto the mechanical properties of spunbond polypropylene nonwovens as so far no such
study has ever been conducted. Table 8.1 shows the effects of different bonding pattern
parameters onto the tested mechanical properties. While an increase in basis weight
increases the values of all properties except the pilling an orientation of fibres mainly
effects tensile and tear properties. Thereby the stiffness and tensile strength increase
in the main fibre direction, while the highest tear strengths can be found perpendicular
to that direction. As during calendering basis weight and fibre orientation generally
can not be changed the other parameters need to be taken into account to develop a
bonding pattern to fulfil the desired properties. A high ratio of the edge length of the
bonding points to the area of the points weakens the nonwoven due to the high number
of transitions between bonded and unbonded areas, which increases both the roughness
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and reduces the strength of the fibres. Only the stiffness is increased by smaller and more
closely spaced bonding points. However, stiffness is rarely the most important criterion for
nonwovens, as these are often significantly less stiff than other textiles, so that nonwovens
are rarely used for applications requiring high stiffness.
While there is an optimum for the bonding point spacing or size for a pre-set bonding point
fraction, which is depending on the cloudiness of the nonwoven, an increase in bonding
point fraction can strengthen the material, although other properties, like softness, fluid
handling or air permeability might get lost.
The shape of the bonding points only seems to a have a limited effect onto the mechanical
properties. While round shapes and oval shapes with its major axis oriented in CD rather
than in MD show similar overall performance especially for the tensile strength the oval
bonding points with their major axis oriented in a direction closer to MD show a lower
performance which might be caused by the fact that due to the orientation of both bonding
points and fibres in MD less fibres are bonded per bonding point and thus the loads are
shared between lower numbers of fibres. To obtain a smaller difference between MD and
CD performance elliptic bonding points with an orientation of their longer axis in CD
direction are recommended. The lowest variations for mechanical properties in both MD
and CD were obtained with round bonding points, which were thus used for the studies
with varying bonding point fraction and distance between bonding points in order to not
alter the measurements by the shape of the bonding point.
Other bonding geometries were analysed in a less systematic way, most of them not
showing a significant improvement of properties. Only the pattern with squared bonding
lines in the size of the cloudiness of the material showed a possible increase in mechanical
strength compared to the single bonding points tested in this study. These results still
need to be validated on actual calenders, as the behaviour for line-shapes may show
greater differences between samples bonded in a press and in a calender.
In the final part on the modelling of the received data the Maxwell model was shown
to be able to describe the mechanical behaviour of the nonwovens during tensile tests.
Furthermore, tensile strength, Young’s modulus, tear strength and the CoF were modelled
using statistical or semi-empirical models conforming the assumed influences of bonding
parameters as well as of the basis weight and the fibre orientation.
Furthermore, new test procedures for the determination of tear strength, fabric friction
and pilling behaviour were developed, giving access to the desired properties, which have
not been available before. The pilling still shows a significant variation which is rather
a property of the nonwovens in general than a problem with the test methods. Scan-
ning techniques for the evaluation of fibre orientation as well as of the local variation of
the basis weight were introduced and used for the evaluation of the mechanical perfor-
mance. The optical analysis of samples before, during and after different test methods
enabled insights into the failure mechanisms depending on the load situation, confirming
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the weakening effect of the transitions between bonded and unbonded areas, which were
furthermore detected in the single fibre tensile tests. The flank angle of the bonding points
however only turned out to have a small influence for the pressed nonwovens. It can be
assumed, however, that the flank angle plays a more important role in calenders due to
the additional shear movement and the variation in angle between the surfaces of the two
rolls during the bonding process.
The recommended procedure for selecting a suitable pattern for the desired application
is as follows based on the obtained results:
Optical evaluation of the local basis weight variation
Determination of the size of the largest "weak spots" with lower basis weight
Creation of a pattern with a hexagonal lattice with a distance between the bonding
points that ensures at least one bonding point in every "weak spot"
The bonding point fraction and thus the size of the bonding points for the created lattice
should be chosen in a way that the needed tensile and tear strengths are just obtained,
but not any higher to ensure reasonable friction and pilling behaviours as well as the
desired other parameters like air permeability, softness and a proper fluid handling.
If the focus is laying on friction or pilling behaviour or primarily on the strength in one
specific direction round bonding points are recommended. For a balanced ratio between
strength in MD and CD elliptic bonding points with an orientation of their longer axis
in CD direction should be used.
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Outlook
Even if the implementation of different patterns, including the alternative square pat-
tern, on actual calender rolls or even production lines is associated with high costs, it
would certainly make sense to validate the relationships found on the basis of the pressed
samples for future adaptation to the process in larger scale. Due to the significant shear
in the calender, which cannot be reproduced in the press, the welding behaviour of the
bonding points in the calender can be significantly changed compared to that in the press.
Especially with influencing variables such as the flank angle, which is best in the range of
45° for the pressed samples, considerable differences between the pressed and calendered
samples are to be expected, which is why these results were only briefly discussed in this
study.
The results on the influence of cloudiness still need to be viewed with caution, as the
cloudiness could not be varied systematically in this study. A validation of the hypotheses
on the basis of nonwovens with different levels of cloudiness would therefore certainly be
a sensible further step in nonwovens research. The new or adapted test methods for tear
strength, friction and above all for the objective pilling evaluation can be evaluated even
more precisely in future studies and their applicability to other materials can be tested.
From a scientific point of view it would certainly make sense to create simulation tools that
can reproduce the data shown in order to evaluate newly developed patterns or optimise
existing patterns without having to repeat the great experimental effort involved here. An
optimisation of the edge zone of the bonding points by skilful selection of new processing
methods for roll manufacture in combination with validation experiments or simulations
certainly promises potential for improving the mechanical properties.
In addition to the influence on mechanical properties, the evaluation of the influences on
other properties such as fluid handling, air permeability or the haptics and softness of
the nonwovens would be of great importance at least for a possible application of the
nonwovens. Only if the improvement of the mechanical properties is accompanied by an
improvement or at least without deterioration of the other desired properties it can be
assumed that the new findings can sustainably increase the quality of nonwovens.
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9 Zusammenfassung und Ausblick
Ziel dieser Arbeit mit dem Titel "Einfluss des Kalandermusters auf die mechanischen
Eigenschaften von Polypropylen Spinnvliesen" war es, die Auswirkungen verschiedener
Bindepunktparameter auf die mechanischen Eigenschaften von Polypropylen Spinnvliesen
zu analysieren, da es bis dato zum Einfluss des Bondingpatterns auf mechanische Eigen-
schaften von Vliesstoffen in der Literatur keine systematisch durchgeführte Studie gab.
Während eine Erhöhung des Flächengewichts außer der Pillfläche alle gemessenen Werte
erhöht, wirkt sich eine Orientierung der Fasern hauptsächlich auf die Zug- und Weit-
erreißfestigkeit aus, wobei die Steifigkeit und Zugfestigkeit in der Hauptfaserrichtung
zunehmen, während die Reißfestigkeit senkrecht zu dieser Richtung am höchsten ist.
Da beim Kalandrieren sowohl Flächengewicht als auch Faserorientierung im Allgemeinen
nicht verändert werden können, müssen die anderen Parameter berücksichtigt werden,
um eine Bindepunktanordnung zu entwickeln, die die gewünschten Eigenschaften erfüllt.
Ein hohes Verhältnis der Randlänge der Bindepunkte zur Bindepunktfläche schwächt das
Vlies aufgrund der hohen Anzahl von Übergängen zwischen gebundenen und ungebunde-
nen Bereichen, was sowohl die Rauheit erhöht als auch die Festigkeit der einzelnen Fasern
reduziert. Lediglich die Steifigkeit wird durch kleinere und dichter zusammenliegende
Bindepunkte erhöht. Allerdings ist die Steifigkeit bei Vliesstoffen selten das wichtigste
Kriterium, da diese oft deutlich weniger steif sind als andere Textilien, so dass Vliesstoffe
selten für Anwendungen mit hoher Steifigkeit eingesetzt werden.
Während es ein Optimum für den Bindepunktabstand und -größe für einen vorgegebe-
nen Bindepunktanteil gibt, das von der Wolkigkeit des Vlieses abhängt, kann eine Er-
höhung des Bindepunktanteils das Material verstärken, wobei andere als die untersuchten
Eigenschaften, wie z.B. Weichheit, Luftdurchlässigkeit oder das Verhalten im Kontakt mit
Flüssigkeiten negativ beeinflusst werden können.
Die Form der Bindepunkte hat nur einen begrenzten Einfluss auf die mechanischen Eigen-
schaften, wobei runde Punkte und elliptische Punkte, deren Hauptachsen quer zur Haupt-
faserorientierung liegen ähnliche Eigenschaften aufweisen zeigen elliptische Bindepunkte
mit Hauptachse parallel zur Hauptfaserrichtung vor allem bei der Zugfestigkeit niedrigere
Werte, was darauf zurückzuführen sein ist, dass aufgrund der Ausrichtung von Bindepunkte
und Fasern in MD weniger Fasern pro Bindepunkt gebunden werden und somit die Span-
nungen auf eine geringere Anzahl von Fasern verteilt werden. Um einen möglichst gerin-
gen Unterschied zwischen MD- und CD-Festigkeit zu erhalten, werden daher elliptische
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Bindepunkte mit einer Ausrichtung ihrer Hauptachse in CD-Richtung empfohlen. Für
die Studien zum Einfluss von Bindepunktanteil und Bindepunktabstand wurden runde
Bindepunkte genutzt, da hier die Streuung der mechanischen Eigenschaften in CD und
auch MD am geringsten ist und somit die Ergebnisse durch die runde Bindepunktform
am wenigsten beeinflusst werden.
Andere Bindepunktgeometrien und -varianten wurden weniger systematisch analysiert,
die meisten von ihnen zeigten keine signifikante Verbesserung der Eigenschaften. Nur
ein Pattern mit quadratischen Bondinglinien in der Größe der Wolkigkeit des Vliesstoffs
zeigte eine mögliche Erhöhung der Festigkeitswerte im Vergleich zu den in dieser Studie
getesteten Einzelbindepunkten. Diese Ergebnisse müssen jedoch noch an realen Kalandern
validiert werden, da die Eigenschaften bei Linienformen zwischen den gepressten und
kalandrierten Proben deutlich stärker variieren kann.
Im abschließenden Kapitel zur Modellierung der gemessenen Daten wurde gezeigt, dass
das Maxwell-Modell in der Lage ist, das mechanische Verhalten der Vliesstoffe während
der Zugversuche zu beschreiben. Darüber hinaus wurden Zugfestigkeit, E-Modul, Weiter-
reißfestigkeit und Reibkoeffizient mit statistischen oder semi-empirischen Modellen model-
liert, die den angenommenen Einflüssen der Bondingparameter sowie des Flächengewichts
und der Faserorientierung entsprachen.
Darüber hinaus wurden neue Prüfverfahren zur Bestimmung von Weiterreißfestigkeit,
Reibung und Pillingverhalten für Spinnvliesstoffe mit niedrigem Flächengewicht entwick-
elt, die einen Zugang zu den gewünschten Eigenschaften ermöglichen, der bisher nicht
verfügbar war. Für Spinnvliese mit Flächengewichten unter 50 g/m2 war bisher an-
sonsten aber keine geeignete und objektive Methode verfügbar. Das hier beschriebene
neuartige Verfahren bestimmt das Pilling-Verhalten mit einem Flachbettscanner und au-
tomatisierter Bildanalyse. Dabei wurde ein Zusammenhang zwischen möglicher Abrasion
(Massenverlust) und der mit der neuen Methode erhaltenen Pilling-Fläche gefunden. Das
Pilling zeigt hierbei noch eine signifikante Variation, die allerdings eher auf die inhärente
Variation dieser Eigenschaft bei dünnen Vliesstoffen, als eine unzulängliche Testmeth-
ode zurückzuführen ist. Scanning-Techniken zur Beurteilung der Faserorientierung sowie
der lokalen Variation des Flächengewichts wurden vorgestellt und zur Beurteilung der
mechanischen Leistung eingesetzt. Die optische Analyse von Proben vor, während und
nach verschiedenen Prüfmethoden ermöglichte Einblicke in die Versagensmechanismen je
nach Belastungssituation und bestätigte die schwächende Wirkung der Übergänge zwis-
chen gebundenen und ungebundenen Bereichen, die zudem in den Einzelfaserzugversuchen
nachgewiesen wurde. Die Variation des Flankenwinkel der Bindepunkte zeigte bei den ge-
pressten Vliesstoffen nur einen geringen Einfluss auf die Festigkeit. Es ist jedoch davon
auszugehen, dass der Flankenwinkel bei Kalandern aufgrund der zusätzlichen Scherbewe-
gung und des variierenden Winkels zwischen den Oberflächen der beiden Kalanderwalzen
während des Bindevorgangs eine größere Rolle spielt.
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Die empfohlene Vorgehensweise zur Auswahl eines geeigneten Kalanderpatterns für die
gewünschte Anwendung ist aufgrund der erzielten Ergebnisse wie folgt:
Optische Auswertung der lokalen Flächengewichtsvariation
Bestimmung der Größe der größten "Schwachstellen" mit geringerem Flächengewicht
Erzeugung eines Musters mit einem hexagonalen Gitter, wobei der Abstand zwischen
den Bindepunkten so gewählt werden sollte, dass gewährleistet ist, dass mindestens ein
Bindepunktpunkt in jeder "Schwachstelle" vorhanden ist.
Der Bindepunktanteil und damit die Größe der Bindepunkte für das entstehende Gitter
sollte so gewählt werden, dass die erforderlichen Zug- und Weiterreißfestigkeiten gerade
noch erreicht werden, aber nicht höher, um ein vernünftiges Reibungs- und
Pillingverhalten sowie die gewünschten weiteren Parameter wie Luftdurchlässigkeit,
Weichheit und eine entsprechendes Verhalten in Kontakt mit Flüssigkeiten zu
gewährleisten.
Liegt der Schwerpunkt auf Reibungs- oder Pillingverhalten oder primär auf der
Festigkeit in nur eine Richtung, werden runde Klebepunkte empfohlen. Für ein gutes
Verhältnis zwischen der Festigkeit in MD und CD sollten elliptische Bindepunkte mit
einer Ausrichtung ihrer Hauptachse in CD-Richtung verwendet werden.
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Ausblick
Auch wenn eine Umsetzung verschiedener Pattern, auch des alternativen quadratischen
Patterns, auf tatsächlichen Kalanderwalzen oder gar Produktionsanlagen mit hohen Kosten
verbunden ist, wäre sicher eine Validierung der anhand der gepressten Proben gefunde-
nen Zusammenhänge für eine künftige Adaption auf den industriellen Prozess sinnvoll.
Durch die signifikante Scherung im Kalander, die in der Presse nicht nachgebildet wer-
den kann verändert sich das Verschweißungsverhalten der Bondingpunkte im Kalander
sicher signifikant im Vergleich zu dem in der Presse. Gerade bei Einflussgrößen wie dem
Flankenwinkel, der bei den gepressten Proben im Bereich von 45° liegt, sind noch er-
hebliche Unterschiede zwischen den gepressten und kalandrierten Proben zu erwarten,
weshalb diese Ergebnisse in dieser Studie nur kurz diskutiert wurden.
Die Ergebnisse zum Einfluss der Wolkigkeit sind aktuell noch mit Vorsicht zu betrachten,
da in dieser Studie die Wolkigkeit nicht systematisch variiert werden konnte. Eine Va-
lidierung der Hypothesen anhand von Vliesstoffen mit unterschiedlicher Wolkigkeit wäre
daher sicher ein sinnvoller weiterer Schritt in der Vliesstoffforschung. Die neuen bzw.
angepassten Testmethoden für Weiterreißfestigkeit, Reibung und vor allem für die ob-
jektive Pillingbewertung können in künftigen Studien noch genauer evaluiert und deren
Anwendbarkeit auf andere Materialien getestet werden.
Aus wissenschaftlicher Sicht wäre es sicherlich sinnvoll, Simulationswerkzeuge zu schaf-
fen, die die gezeigten Daten reproduzieren können, um neu entwickelte Kalanderpattern
zu bewerten oder bestehende Muster zu optimieren, ohne den hohen experimentellen
Aufwand wiederholen zu müssen. Eine Optimierung des Randbereichs der Bindepunkte
durch geschickte Auswahl neuer Verarbeitungsverfahren zur Walzenherstellung in Kombi-
nation mit Validierungsversuchen oder Simulationen verspricht ebenfalls durchaus Poten-
zial zur Verbesserung der mechanischen Eigenschaften.
Neben dem Einfluss auf mechanische Eigenschaften wäre zumindest für eine mögliche
Anwendung der Vliesstoffe die Evaluierung der Einflüsse auf andere Eigenschaften wie
das Fluidhandling, die Luftdurchlässigkeit oder die Haptik und Weichheit der Vliesstoffe
von großer Bedeutung. Nur wenn die Verbesserung der mechanischen Eigenschaften mit
einer Verbesserung oder zumindest ohne Verschlechterung der übrigen Eigenschaften ein-
hergeht kann man davon ausgehen, dass die neuen Erkenntnisse nachhaltig die Qualität
von Vliesstoffen erhöhen können.
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A Abbreviations and Symbols
Abbreviations
Abbreviation Meaning
Avg Average
ATR attenuated total reflection
BP Bonding point
CAD Computer-aided design
CD Cross direction
CoF Coefficient of friction
DSC Differential scanning calorimetry
FEM Finite Element Modelling
FSL Free segment length
FTIR Fourier transformed infrared
Inv Inverted
MD Machine direction
ODF Orientation distribution function
PDMS Polydimethylsiloxane
PP Polypropylene
SEM Scanning electron microscope
Symbols
Abbreviation Meaning
α Thermal diffusivity (k/ρCp)
αE Efficiency, usually calculated as 1
∆ Granularity
∆Hf Heat of fusion
∆m Loss or change of mass
∆T Change in temperature
ε Strain
ε(Fmax) Strain at maximum force
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Table A.2: (Continuation)
Abbreviation Meaning
ε˙ Strain rate
η Viscosity
µD The dynamic friction coefficient
µs The static friction coefficient
ν Poisson number
ρ density
σ Stress
σl Standard deviation of the strength of a sample
with the length l
σSD Standard deviation
σ˙ First derivative of stress after time
φbonding Bonding point fraction of a nonwoven
a MD distance of bonding points
A Amplitude of the ODF function
A1 Adaptable constant
ABP Area of a single bonding point
Apill Pill area
Asat Saturation pill area
Areasample Area of the tensile test samples
Avg Average value
BP0 Global constant describing the width of an expo-
nential decay
BPspacing Bonding point spacing
BW Basis weight
c1-8 Adaptable parameters
cp Specific heat
cv Coefficient of variation
C Curl of a fibre
Cp Heat capacity
C1 Adaptable constant
CoF Coefficient of friction
CoF0 Coefficient of friction of pure bonding points
d0 Nonwoven thickness before calendering
d100 Thickness of the full bonding point
dd Dynamic nonwoven thickness under load
dnip Nonwoven thickness in the calender gap
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Table A.2: (Continuation)
Abbreviation Meaning
dS Saturation thickness for very high free segment
lengths minus d100
dZ Distance between the centre of two repeating
bonding points in direction of test
E Young’s modulus
E0 Theoretical modulus of a bonding point spacing of
0 mm
E∞ Young’s modulus of the nonwoven without bond-
ing points
f Fraction of crystals which melt during calendering
F Force
F0 Force at which 63.2 % of the samples fail
FD Dynamic force to ensure constant motion
Ffibres Tensile strength of fibre matrix
FH Holding force that has to be overcome, so motion
can begin
Fl Strength of a specimen with the length l
Fmax Maximum force
Fmax(0 %) Average maximum force of samples without bond-
ing points
Fmax(100 %) Average maximum force of samples with pure
bonding points
Fmax,single Tensile strength of single fibres
FN Normal force which acts perpendicular to the re-
spective substrate
Fnl Strength of specimen with a length of n times
length l
Ftear Tear strength
F(s)ds The force exerted over a distance ds
Finenessfibre Linear density of fibres
FSL Free segment length
gv Grey value
gv0 Grey value without nonwoven on the scan
gvS Saturation grey value for very high basis weights
minus gv0
hX Peak height of FTIR spectra at a wave number of
X cm-1
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Table A.2: (Continuation)
Abbreviation Meaning
k Thermal conductivity
k1-2 Adaptable parameters
kd Coefficient for fitting the dynamic thickness
KFSL Constant for the description of the free segment
length in dependency of φbonding
kgv Coefficient for the correlation between grey value
and basis weight in m2/g
kM Coefficient for the correlation between mass loss
and pill area in g/mm2
kv Constant for the fibre speed evaluation
l1-2 Adaptable parameters
lsample,tensile Length of the samples in tensile test direction
L Length
Lf Actual fibre length between two points of a fibre
Ls Shortest distance between two points of a fibre
L/A Length of bonding point perimeter per bonding
area
m Weibull modulus
M Torque
mBA Minimum possible bonding area on a square of 1
cm2
Mean Mean value
n Number larger than zero
N Number of rotations
N0 Characteristic value to describe the pilling be-
haviour
ODF Orientation distribution function
ODFcos Sum of all ODF values (before normalisation)
times cos4 of the angle towards the tensile direc-
tion
p Applied pressure
pA Air pressure at the aspirators
P Probability of failure
Pi Probability of failure for the i-th sample
pres Resulting pressure
Q volume flow rate
r Radius
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Table A.2: (Continuation)
Abbreviation Meaning
rF Radius of a fibre
rH Radius of a spinning hole
R Radius of round bonding points
Ri Inner radius
Ro Outer radius
t Time
tnip Time in the calender gap
Tinitial Temperature of the web before bonding
Tmp Temperature in the middle of the nip
Troll Temperature of the calender rolls
v0E Extrusion speed
v0G Velocity of gravity drawn fibres
vF Maximum fibre velocity during spinning
V volume
Wtrans Weakening coefficient for the bonding point tran-
sitions
XC Degree of crystallinity in %
Xm Weight fraction of the material, which melts
(= f · XC)
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Figure B.1: Maximum force in tensile tests for nonwoven samples in MD and CD for different
calendering settings showing different trends for different temperatures whereby
all show a decrease in strength for pressures above 83 N/mm
B Appendix Calendering settings 139
0 . 5 1 . 0 1 . 5 2 . 0 2 . 5
0 . 1 0
0 . 1 5
0 . 2 0
0 . 2 5
0 . 3 0
0 . 3 5
0 . 4 0
0 . 4 5  M D C D
Max
imu
m fo
rce 
/N/c
m/(
g/m
²)
T a k e - o f f  p r e s s u r e  / b a r
Figure B.2: Maximum force in tensile tests for nonwoven samples in MD and CD for different
take-off pressures showing increasing maximum forces in MD with rising take-off
pressures, while there is a minimum in CD for 1.5 bar
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Figure B.3: Young’s modulus and strain at maximum force tensile tests for nonwoven samples
in MD and CD for different take-off pressures showing a low influence onto the
Young’s modulus, while the strain at maximum force decreases with increasing
take-off pressure
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C Appendix Effect of the sample size
on the tensile properties of
nonwovens
Figure C.1: Young’s modulus for the samples in MD (left) and CD (right) for different lengths
and widths. The data show a decrease of the Young’s modulus with increasing
length, although a saturation seems to be reached for higher lengths. Generally
the thinner samples show a lower modulus and a higher variation than the wider
ones.
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Figure C.2: Strain at maximum force for the samples in MD (left) and CD (right) for different
lengths and widths. The data show a decrease of the strain at maximum force with
increasing length, although a saturation seems to be reached for higher lengths.
Generally the thinner samples how a slight tendency towards lower strains at
maximum strength although the tendency is not as clear as for the maximum
force and the Young’s modulus.
Table C.1: Weibull parameters m and forces F0 with standard deviation for nonwoven samples
with different lengths and widths in MD and CD
Direction Length Width F0 m
mm mm N/cm
MD 200 70 6.05517 ± 0.04170 11.35933 ± 1.63541
MD 200 50 6.63787 ± 0.03448 10.58242 ± 0.93808
MD 200 20 7.08589 ± 0.01501 29.17230 ± 2.59602
MD 200 10 6.96786 ± 0.03220 16.62187 ± 2.29635
MD 100 70 6.60708 ± 0.02740 8.61097 ± 0.47831
MD 100 50 6.85907 ± 0.05478 10.37967 ± 1.15637
MD 100 20 7.31368 ± 0.01693 15.30085 ± 0.84288
MD 100 10 7.23021 ± 0.02738 30.60185 ± 5.46017
MD 50 70 6.71978 ± 0.04696 10.36205 ± 1.25087
MD 50 50 7.56355 ± 0.03121 14.86966 ± 1.43171
MD 50 20 7.77195 ± 0.01742 24.81228 ± 2.07894
MD 50 10 7.88616 ± 0.04264 17.77027 ± 3.37302
MD 20 70 8.02042 ± 0.09694 5.29771 ± 0.58712
MD 20 50 8.12934 ± 0.08615 5.93757 ± 0.54030
MD 20 20 8.53403 ± 0.06105 19.30518 ± 4.23976
MD 20 10 8.66427 ± 0.03474 13.31475 ± 0.99917
MD 10 70 8.70014 ± 0.09790 6.84153 ± 0.75236
MD 10 50 8.93618 ± 0.10996 7.74533 ± 1.10626
MD 10 20 9.21133 ± 0.03578 12.47297 ± 0.93664
MD 10 10 8.82786 ± 0.03487 14.05316 ± 1.34725
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Table C.1: (Continuation)
Direction Length Width F0 m
mm mm N/cm
CD 100 70 1.99369 ± 0.00871 12.84389 ± 1.17824
CD 100 50 2.45127 ± 0.01370 11.60600 ± 1.25747
CD 100 20 2.65101 ± 0.02765 7.64370 ± 1.02173
CD 100 10 2.77309 ± 0.01348 13.63722 ± 1.44554
CD 50 70 2.79717 ± 0.05041 5.27997 ± 0.90923
CD 50 50 2.82046 ± 0.02312 5.36285 ± 0.36903
CD 50 20 3.33613 ± 0.03568 8.01772 ± 1.14282
CD 50 10 3.04006 ± 0.02135 10.28837 ± 1.34175
CD 20 70 2.65858 ± 0.04480 3.40152 ± 0.28482
CD 20 50 3.38038 ± 0.08532 3.90726 ± 0.72954
CD 20 20 3.72547 ± 0.05317 5.32687 ± 0.55393
CD 20 10 3.66064 ± 0.03862 9.97036 ± 1.45095
CD 10 70 3.66958 ± 0.02842 5.16037 ± 0.30520
CD 10 50 4.13448 ± 0.04155 5.01447 ± 0.37813
CD 10 20 4.10049 ± 0.03944 7.98217 ± 1.11614
CD 10 10 3.96911 ± 0.02526 7.72344 ± 0.58454
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Exemplary macro for automated image analysis for the pill detection with ImageJ [24]
input = getDirectory("Input directory"); //selection of folder with scanned images output
= getDirectory("Output directory"); //selection of folder with results and edited images
Dialog.create("File type"); Dialog.addString("File suffix: ", "tif", 5); //image type Di-
alog.show(); suffix = Dialog.getString(); processFolder(input); //analysis of input data
function processFolder(input) list = getFileList(input); for (i = 0; i < list.length; i++)
if(File.isDirectory(list[i])) processFolder("" + input + list[i]); if(endsWith(list[i], suffix))
processFile(input, output, list[i]); function processFile(input, output, file) open(input+file);
//open image name = getTitle(); //get name of the image selectWindow(name); File.makeDirectory(output
+ "
" + name + "
"); //produce output folder for image setThreshold(184, 255); //left value is the thresh-
old value right value the maximal possible grey scale value setOption("BlackBackground",
false); run("Convert to Mask"); makeOval(260, 244, 2956, 2956); //selection of tested area
run("Set Scale...", "distance=1000 known=10.583 pixel=94.4912 unit=mm"); //set scale
bar to obtain results in desired unit saveAs("Tiff", output + "
" + name + "
" + name + "threshold" + ".tif"); //save binarised image run("Analyze Particles...",
"size=300-Infinity pixel show=Outlines display exclude summarize record"); //detect all
pills larger of size XXX-YYY pixels, set XXX-Infinity for all pills larger than XXX pixel
selectWindow("Results"); saveAs(output + "
" + name + "
" + name + ".txt"); //save data of every pill run("Clear Results"); selectWindow("Summary");
saveAs(output + "
" + name + "
" + name + "summary" + ".txt"); //save summary of data selectWindow("Drawing of "
+ name + "threshold" + ".tif"); saveAs("Tiff", output + "
" + name + "
" + name + "particles" + ".tif"); //save image of detected pills run("Clear Results");
//close all images while (nImages>0) selectImage(nImages); close();
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E Appendix Tensile data for different
bonding patterns
Table E.1: Maximum force in tensile tests for the different bonding point patterns
Bonding Bonding Shape Fmax/BW Fmax/BW
point spacing point spacing N/cm / g/m2 N/cm / g/m2
CD/mm MD/mm MD CD
1.47 0.85 Oval 0.1711 ± 0.0171 0.1227 ± 0.0088
1.47 1.7 Oval 0.1915 ± 0.0268 0.1204 ± 0.0240
2.94 0.85 Oval 0.1569 ± 0.0122 0.1514 ± 0.0321
1.47 3.4 Oval 0.1412 ± 0.0229 0.1038 ± 0.0220
2.94 1.7 Oval 0.2023 ± 0.0331 0.1215 ± 0.0213
5.88 0.85 Oval 0.1597 ± 0.0247 0.1445 ± 0.0234
2.94 3.4 Oval 0.1951 ± 0.0280 0.1008 ± 0.0170
5.88 1.7 Oval 0.2054 ± 0.0272 0.1024 ± 0.0235
5.88 3.4 Oval 0.1913 ± 0.0588 0.2537 ± 0.0343
1.47 0.85 Inverted 0.1651 ± 0.0209 0.1128 ± 0.0204
1.47 1.7 Inverted 0.1978 ± 0.0314 0.0645 ± 0.0146
2.94 0.85 Inverted 0.1529 ± 0.0252 0.1332 ± 0.0157
1.47 3.4 Inverted 0.2040 ± 0.0314 0.0748 ± 0.0207
2.94 1.7 Inverted 0.1984 ± 0.0420 0.1443 ± 0.0315
5.88 0.85 Inverted 0.2175 ± 0.0300 0.1377 ± 0.0308
2.94 3.4 Inverted 0.1795 ± 0.0231 0.1007 ± 0.0202
5.88 1.7 Inverted 0.1422 ± 0.0292 0.1711 ± 0.0176
5.88 3.4 Inverted 0.2477 ± 0.0407 0.1709 ± 0.0224
1.47 0.85 Round 0.2006 ± 0.0323 0.1334 ± 0.0190
1.47 1.7 Round 0.1525 ± 0.0255 0.1323 ± 0.0297
2.94 08.5 Round 0.1932 ± 0.0332 0.1292 ± 0.0473
1.47 3.4 Round 0.1618 ± 0.0411 0.0965 ± 0.0191
2.94 1.7 Round 0.2220 ± 0.0238 0.1269 ± 0.0268
5.88 0.85 Round 0.2530 ± 0.0937 0.1249 ± 0.0246
2.94 3.4 Round 0.1995 ± 0.0309 0.1065 ± 0.0220
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Table E.1: (Continuation)
Bonding Bonding Shape Fmax/BW Fmax/BW
point spacing point spacing N/cm / g/m2 N/cm / g/m2
CD/mm MD/mm MD CD
5.88 1.7 Round 0.2247 ± 0.0302 0.1282 ± 0.0131
5.88 3.4 Round 0.2678 ± 0.0440 0.1581 ± 0.0394
Table E.2: Young’s modulus in tensile tests for the different bonding point patterns
Bonding Bonding Shape E/BW E/BW
point spacing point spacing N/mm / g/m2 N/mm / g/m2
CD/mm MD/mm MD CD
1.47 0.85 Oval 3.3455 ± 0.3682 2.3711 ± 0.1312
1.47 1.7 Oval 3.4760 ± 0.4536 1.8873 ± 0.3252
2.94 0.85 Oval 2.9731 ± 0.1777 2.3194 ± 0.3590
1.47 3.4 Oval 2.2370 ± 0.2516 1.7842 ± 0.2646
2.94 1.7 Oval 3.4302 ± 0.6083 1.8937 ± 0.2233
5.88 0.85 Oval 1.9832 ± 0.2533 2.2084 ± 0.2891
2.94 3.4 Oval 2.8444 ± 0.3156 1.6418 ± 0.1924
5.88 1.7 Oval 3.7301 ± 0.5302 1.9146 ± 0.3648
5.88 3.4 Oval 1.8670 ± 0.3338 3.1764 ± 0.6548
1.47 0.85 Inverted 2.9924 ± 0.3676 2.1847 ± 0.3664
1.47 1.7 Inverted 3.0296 ± 0.2695 1.5559 ± 0.2242
2.94 0.85 Inverted 3.0558 ± 0.4780 2.3307 ± 0.2693
1.47 3.4 Inverted 2.8161 ± 0.2819 1.5671 ± 0.3608
2.94 1.7 Inverted 3.0831 ± 0.5508 2.3103 ± 0.4560
5.88 0.85 Inverted 3.1491 ± 0.3549 2.2553 ± 0.3394
2.94 3.4 Inverted 2.6470 ± 0.1984 1.8453 ± 0.2566
5.88 1.7 Inverted 2.2370 ± 0.4192 2.2102 ± 0.2378
5.88 3.4 Inverted 2.6999 ± 0.3566 1.7783 ± 0.2458
1.47 0.85 Round 3.5503 ± 0.5148 2.3997 ± 0.3004
1.47 1.7 Round 2.9842 ± 0.4328 2.0250 ± 0.3266
2.94 8.5 Round 2.8801 ± 0.4671 2.0794 ± 0.3836
1.47 3.4 Round 2.4605 ± 0.5047 1.7601 ± 0.2046
2.94 1.7 Round 3.5614 ± 0.2715 2.4062 ± 0.2613
5.88 0.85 Round 3.2359 ± 1.2491 2.1017 ± 0.5137
2.94 3.4 Round 2.5829 ± 0.2322 1.7418 ± 0.2337
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Table E.2: (Continuation)
Bonding Bonding Shape E/BW E/BW
point spacing point spacing N/mm / g/m2 N/mm / g/m2
CD/mm MD/mm MD CD
5.88 1.7 Round 2.9777 ± 0.4243 1.7832 ± 0.2204
5.88 3.4 Round 3.0536 ± 0.4218 1.8099 ± 0.4763
Table E.3: Strain at maximum force in tensile tests for the different bonding point patterns
Bonding Bonding Shape e(Fmax) e(Fmax)
point spacing point spacing
CD/mm MD/mm MD CD
1.47 0.85 Oval 0.1188 ± 0.0158 0.1276 ± 0.0133
1.47 1.7 Oval 0.1450 ± 0.0145 0.1835 ± 0.0499
2.94 0.85 Oval 0.1230 ± 0.0153 0.1867 ± 0.0637
1.47 3.4 Oval 0.1788 ± 0.0205 0.1509 ± 0.0361
2.94 1.7 Oval 0.1667 ± 0.0266 0.1772 ± 0.0439
5.88 0.85 Oval 0.1836 ± 0.0210 0.1914 ± 0.0250
2.94 3.4 Oval 0.2304 ± 0.0326 0.1609 ± 0.0358
5.88 1.7 Oval 0.1391 ± 0.0203 0.1403 ± 0.0246
5.88 3.4 Oval 0.1735 ± 0.0387 0.2457 ± 0.0489
1.47 0.85 Inverted 0.1311 ± 0.0182 0.1244 ± 0.0160
1.47 1.7 Inverted 0.1952 ± 0.0374 0.0802 ± 0.0273
2.94 0.85 Inverted 0.1700 ± 0.0292 0.1856 ± 0.0213
1.47 3.4 Inverted 0.2257 ± 0.0336 0.1189 ± 0.0268
2.94 1.7 Inverted 0.1940 ± 0.0412 0.1539 ± 0.0288
5.88 0.85 Inverted 0.1951 ± 0.0221 0.1835 ± 0.0758
2.94 3.4 Inverted 0.1162 ± 0.0188 0.1637 ± 0.0420
5.88 1.7 Inverted 0.1565 ± 0.0231 0.2275 ± 0.0195
5.88 3.4 Inverted 0.2595 ± 0.0310 0.2431 ± 0.0203
1.47 0.85 Round 0.1398 ± 0.0190 0.1519 ± 0.0239
1.47 1.7 Round 0.1380 ± 0.0184 0.1858 ± 0.0472
2.94 8.5 Round 0.1713 ± 0.0181 0.1478 ± 0.0180
1.47 3.4 Round 0.1754 ± 0.0287 0.1386 ± 0.0305
2.94 1.7 Round 0.1563 ± 0.0368 0.1815 ± 0.0487
5.88 0.85 Round 0.2301 ± 0.0301 0.2000 ± 0.0749
2.94 3.4 Round 0.2637 ± 0.0358 0.1683 ± 0.0301
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Table E.3: (Continuation)
Bonding Bonding Shape e(Fmax) e(Fmax)
point spacing point spacing
CD/mm MD/mm MD CD
5.88 1.7 Round 0.2104 ± 0.0279 0.2252 ± 0.0642
5.88 3.4 Round 0.2510 ± 0.0242 0.2180 ± 0.0300
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Figure F.1: Stress strain curves of single fibres produced with a take-off pressure of 1.5 bar
showing the highest strength for the fully bonded fibres and the highest strain at
break for the unbonded fibres between the bonding points. Fibres with a tran-
sition of bonded and unbonded area show significantly lower strain values than
both bonded and unbonded fibres and also lower strength than th bonded fibres,
especially for a flank angle of 90°.
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Figure F.2: Strain at Maximum force (left) and Young’s modulus (right) for single fibres drawn
with pressures of 0.5, 1.5 and 2.5 bar and with different bondings applied.
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Table G.1: Tear strength in MD and CD for the different bonding point patterns and shapes
Multiple of Multiple of Direction Shape Tear strength
bonding point bonding point N/(g/m2)
distance CD distance MD
1 1 CD Inverted 0.29364 ± 0.04291
1 1 MD Inverted 0.37298 ± 0.14319
0.5 0.5 CD Inverted 0.24679 ± 0.04973
0.5 0.5 MD Inverted 0.12909 ± 0.03145
0.5 1 CD Inverted 0.24694 ± 0.08548
0.5 1 MD Inverted 0.25347 ± 0.09184
0.5 2 CD Inverted 0.31555 ± 0.04958
0.5 2 MD Inverted 0.29419 ± 0.03323
1 0.5 CD Inverted 0.42047 ± 0.05242
1 0.5 MD Inverted 0.21086 ± 0.04754
1 2 CD Inverted 0.35089 ± 0.06512
1 2 MD Inverted 0.39005 ± 0.0671
2 0.5 CD Inverted 0.29317 ± 0.07293
2 0.5 MD Inverted 0.33713 ± 0.07061
2 1 CD Inverted 0.35445 ± 0.05371
2 1 MD Inverted 0.3946 ± 0.05057
2 2 CD Inverted 0.438 ± 0.05043
2 2 MD Inverted 0.36996 ± 0.04994
1 1 CD Oval 0.42634 ± 0.14574
1 1 MD Oval 0.29665 ± 0.14544
0.5 0.5 CD Oval 0.2386 ± 0.05191
0.5 0.5 MD Oval 0.1781 ± 0.03421
0.5 1 CD Oval 0.34665 ± 0.13401
0.5 1 MD Oval 0.24857 ± 0.05443
0.5 2 CD Oval 0.23075 ± 0.04274
0.5 2 MD Oval 0.336 ± 0.02839
1 0.5 CD Oval 0.22341 ± 0.16049
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Table G.1: (Continuation)
Multiple of Multiple of Direction Shape Tear strength
bonding point bonding point N/(g/m2)
distance CD distance MD
1 0.5 MD Oval 0.16655 ± 0.02023
1 2 CD Oval 0.36454 ± 0.10766
1 2 MD Oval 0.37758 ± 0.10816
2 0.5 CD Oval 0.25797 ± 0.06738
2 0.5 MD Oval 0.33323 ± 0.03917
2 1 CD Oval 0.27349 ± 0.09813
2 1 MD Oval 0.25123 ± 0.11986
2 2 CD Oval 0.38691 ± 0.09067
2 2 MD Oval 0.45094 ± 0.07744
1 1 CD Round 0.48128 ± 0.05133
1 1 MD Round 0.41851 ± 0.08376
0.5 0.5 CD Round 0.29133 ± 0.09458
0.5 0.5 MD Round 0.1574 ± 0.04118
0.5 1 CD Round 0.24612 ± 0.12171
0.5 1 MD Round 0.24982 ± 0.06205
0.5 2 CD Round 0.35861 ± 0.09532
0.5 2 MD Round 0.34724 ± 0.06241
1 0.5 CD Round 0.32005 ± 0.0391
1 0.5 MD Round 0.24529 ± 0.08545
1 2 CD Round 0.4265 ± 0.05389
1 2 MD Round 0.40262 ± 0.07479
2 0.5 CD Round 0.36721 ± 0.10228
2 0.5 MD Round 0.37855 ± 0.06768
2 1 CD Round 0.38362 ± 0.08078
2 1 MD Round 0.28693 ± 0.04786
2 2 CD Round 0.45417 ± 0.04758
2 2 MD Round 0.42138 ± 0.05445
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H Appendix Tear strength as function
of tensile strength
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Figure H.1: Tear strength as a function of tensile strength showing no clear trend, neither with
positive nor negative correlation between both values. Also for limited groups of
patterns no trend can be found.
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Figure I.1: Contour plots of the dynamic thickness with different distances of the bonding
points with oval (top left), round (top right) and inverted (bottom left) bonding
points as well as the average values of all patterns (bottom right). There is a trend
towards higher thickness values for higher bonding point spacing, primarily in CD.
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Figure I.2: Comparison of optical and dynamic thickness showing that, except for the full
bonding point, the higher variations for the optical thickness are not visible in the
dynamic thickness, i.e. under load.
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J Appendix Coefficient of friction
Figure J.1: Influence of the dynamic thickness at 11.32 kPa onto the coefficient of friction for
the whole tested range (left) and for the different geometries (right). It can be
seen that except for the samples with 100 and 64 % bonding point fraction, which
show a low friction due to the high fraction of smooth bonded areas, the coefficient
of friction decreases with increasing thickness, as the free fibres can align with the
direction of the external forces.
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Figure K.1: Contour plots of the pill area after 500 rotations with different distances of the
bonding points with oval (top left), round (top right) and inverted (bottom left)
bonding points as well as the average values of all patterns (bottom right). It
can be seen that there are large variations between the patterns and shapes with
commonly low pilling for very high bonding point spacings in MD and CD.
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Figure K.2: Contour plots of the pill area after 1000 rotations with different distances of the
bonding points with oval (top left), round (top right) and inverted (bottom left)
bonding points as well as the average values of all patterns (bottom right). Com-
pared to the results after 500 rotations there are smaller variations between the
patterns and shapes but sill low pilling for very high bonding point spacings in
MD and CD.
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L Appendix Minimum possible bonding
area per 1 cm2
The minimum possible bonding area per 1 cm2 mBA was determined by automatically
searching for the square with an area of 1 cm2 for each pattern that had the lowest fraction
of bonding area. As shown in figure L.1, for bonding patterns with little distance between
the bonding points, the bonding area is approximately in the range of the bonding fraction
of the pattern, whereas for patterns with more widely spaced points a reduction of more
than 50 % is possible. The size of 1 cm2 was chosen because the analysis of the basis
weight variation shows a transition in this range, which suggests that the maximum size
of local thin or thick spots is also in this order of magnitude.
1 cm²
7.20 % 15.45 %
Figure L.1: Two examples to show the determination of the mBA value. For every pattern the
square of 1 cm2 with the lowest bonding point fraction was determined, showing
large variations for patterns with more widely spread bonding points as shown on
the left side.
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M Appendix Perimeter length per
bonding area L/A
Table M.1: L/A values in mm/cm2 for the different used calender patterns
Bonding Bonding Shape L/A
point spacing point spacing mm/cm2
CD/mm MD/mm
1.47 0.85 Oval 188.79
1.47 1.7 Oval 133.13
1.47 3.4 Oval 94.26
2.94 0.85 Oval 133.13
2.94 1.7 Oval 94.26
2.94 3.40 Oval 66.65
5.88 0.85 Oval 94.26
5.88 1.70 Oval 66.65
5.88 3.40 Oval 47.13
1.47 0.85 Inverted 188.79
1.47 1.70 Inverted 133.13
1.47 3.40 Inverted 94.26
2.94 0.85 Inverted 133.13
2.94 1.70 Inverted 94.26
2.94 3.40 Inverted 66.65
5.88 0.85 Inverted 94.26
5.88 1.70 Inverted 66.65
5.88 3.40 Inverted 47.13
1.47 0.85 Round 179.62
1.47 1.70 Round 126.66
1.47 3.40 Round 89.69
2.94 8.50 Round 126.66
2.94 1.70 Round 89.69
2.94 3.40 Round 63.42
5.88 0.85 Round 89.69
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Table M.1: (Continuation)
Bonding Bonding Shape L/A
point spacing point spacing mm/cm2
CD/mm MD/mm
5.88 1.70 Round 63.42
5.88 3.40 Round 44.84
4.16 2.40 Round 44.92
2.08 1.20 Round 179.68
1.47 0.85 Round 358.75
11.76 6.80 Round 22.43
23.52 13.60 Round 11.21
Pure BP - 0
Pure fibre - 0
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Figure N.1: Pareto-chart of the significant influencing parameters for the empirical description
of the Young’s modulus in tensile tests.
Figure N.2: Young’s modulus as function of the bonding point fraction (left) and the bonding
point spacing (right) with fits according to the statistic model in MD and CD
(dashed lines) showing a reasonable description of the data
N Appendix Statistical Modelling 161
Figure N.3: Pareto-chart of the significant influencing parameters for the empirical description
of the Tear strength of the nonwovens
Figure N.4: Pareto-chart of the significant influencing parameters for the empirical description
of the coefficient of friction
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